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A. INTRODUCTION

1. OVERVIEW

“Nowadays, it is not only unwise but rather diffictd accomplish an efficient and
selective multiple synthesis without using orgartaities.”*
Already 30 years ago, the 2010 Nobel-Prize laur&atehi Negishi announced the
essential role organometallic chemistry shouldrlaiay in modern organic synthesis.
Especially nowadays, having the world’s populatimm now on growing by 33% until
20507 mankind is confronted with new technological chiagjes. Limited resources such
as water, fossil materials and energy, the consglyueéncreasing prices for raw
materials, as well as the climate change causetiuoyan interference put a lot of
pressure on modern technologiesaking the finding of new concepts for the suppfly
basic chemicals and a change towards more suskirgitemistry indispensabfe.
Particularly, the pharmaceutical sector is knowngieducing a major amount of waste
accumulated in chemical industries. For example,tthal synthesis of natural products
and the preparation of therapeutical agents ofterolve tedious protective group
manipulations and long, yield-reducing linear reacsequencédeading to poor atom-
economy’ As organic chemistry is key for the productionsafall molecules as well as
more sophisticated and complex materials such bBgngos, pharmaceutics and natural
products, the fundamental task of modern organith&gis must be a combination of
minimal waste production due to atom-economicaltegies, synthetic efficiency and a
low E-factor®

In this context, organometallic chemistry fulfilsany of these requirements and has
given way to a wide range of synthetic transfororagiwhich were not accessible using
conventional strategies. Due to the unique redgti@nd selectivity depending on the
nature of the metal used, a plethora of organofietaimpounds is available, which has

found numerous applications in organic synthesiseagents as well as cataly3t§he

! E.-i. Negishi,Organometallics in Organic SynthesWiley-VCH, Weinheim198Q

2 Population Division of the Department of Economiw Social Affairs oft he United Nations Secretaria
World Population Prospects. The 2010 Revision. W&dpulation change per year (thousands) Medium
variant 1950-2050.

®R. H. CrabtreeQrganometallic011, 30, 17.

4 a) T. Collins,Science2001, 291, 48. b) C. Okkerse, H. van Bekku@reen Chemistrt999 1, 107.

® Organic Synthesi€Eds.: J.-H. Fuhrhop, G. Li) Wiley-VCH, Weinhei2(03

® a) Protective Groups in Organic Synthesis 3rd ,E@ds.: T.W. Green, P. G. Wuts) Wiley & Sons,
Hoboken,1999 b) Protecting Groups 3rd EdEd.: P. J. Kocienski) Thieme, New Yo2()05

"a) B. M. TrostAngew. Chem. Int. EA995 34, 259. b) B. M. TrostSciencel 991, 254, 1471.

8 a) R. A. SheldonChem. Ind(London),1992 903. b) R. A. SheldorGreen Chem2007, 9, 1273. c) R.
A: Sheldon, I. Arends, U. Hanefel@reen Chemistry and Catalysi/iley-VCH, Weinheim2007.

° a) Handbook of Functionalized Oganometalligd.: P. Knochel), Wiley-VCH, Weinheim2005

b) Metal-Catalyzed Cross-Coupling Reactip@®®' Ed. (Eds.: A. de Meijere, F. Diederich), Wiley-VCH
Weinheim,2004 c) A. Boudier, L. O. Bromm, M. Lotz, P. Knoch&pgew. Chem. Int. E00Q 39,
4414,
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A. INTRODUCTION

properties of organometallic reagents are strordgpendent on the polarity of the
carbon-metal bond which is determined by the diffiees in electronegativity. An
increased ionic character, as it is found in or¢jimom and organosodium compounds,
indeed leads to an increased reactivity. Howewamn et low temperatures, the tolerance
towards sensitive groups and the selectivity deerémthese reagertsOrganometallics
such as organoboron reagents show a rather coclardcter in the carbon-metal bond
resulting in an improved tolerance towards serssitinctional groups. In contrast to this,
these compounds are characterized by a lack ofivigcenforcing harsh reaction
conditions or highly developed catalytic systems etasure proper reactions with
electrophiles? In this context, organomagnesium, -copper andc-eéagents display a
valuable compromise between reactivity and selggti®rganomagnesium compounds
have been reported to be highly reactive, but iddemmpatible with a wide range of
senstitive moieties when employed at low tempeedfuin addition, copper reagents
readily undergo reactions with a number of eledtigs and show a good functional
group tolerancé® However, their thermal instability and their pregion by
transmetalation of other organometallic reagenth |18 Li- and Mg-compounds display
major disadvantageé$.On the other hand, due to their low reactivitganozinc reagents
show an exceptional functional group tolerdnead are characterized by a great thermal
stability® Their reactivity problems can be readily overcomg transmetalation
reactions with suitable transition metal catalysish as Co, Cu, Ni and PYEspecially
with the non-polar organozinc compounds, transragtal is alleviated by empty low-

lying p-orbitals enabling a smooth interaction with therbitals of transition metaf§:*>2

9 G. Wu, M. HuangChem. Rev2006 106, 2596.

' N. Miyaura, A. SuzukiChem. Rev1995 95, 2457.

12 p. Knochel, W. Dohle, N. Gommermann, F. F. KneielKopp, T. Korn, |. Sapountzis, V. A. Vu,
Angew. Chem. Int. EQ003 42, 4302.

33) P. Knochel, M. J. Rozema, C. E. Tuckereparation of Highly Functionalized Copper Reagant
Practical Approach Series in Chemistry - Organocapfreagents (Ed.: R. J. K. Taylor), Oxford
University Press, 1993 348. b) Modern Organocopper ChemistrgEd.: N. Krause), Wiley-VCH,
Weinheim,2002

14 a) Organometallics in Organic SynthegEd.: E.-i. Negishi), Wiley, New York198Q b) For halogen-
copper exchange reactions, see: i) X. Yang, T.dRo€. Piazza, P. KnocheQrg. Lett.2003 8, 1229.
i) X. Yang, P. KnochelSynlett2004 1, 81. iii) M. I. Calaza, X. Yang, D. Soorukram, IRnochel, Org.
Lett. 2004 8, 1229. iv) X. Yang, A. Althammer, P. KnochdDrg. Lett. 2004 6, 1665. c) For direct
insertion of highly reactive copper, see: i) G. Bert, R. D. Rieke]J. Org. Chem1984 49, 5280. ii) R.
M. Wehmeyer, R. D. Riekel. Org. Chem1987, 52, 5056. iii)) G. W. Ebert, R. D. Riekd, Org. Chem.
1988 53, 4482.

5 3) P. Knochel, N. Millot, A. L. Rodriguez, C. Eugker, Org. React.2001, 58, 417. b)Organozinc
ReagentgEds.: P. Knochel, P. Jones), Oxford UniversitysByé&ew York;1999

16 3) Metal-Catalyzed Cross-Coupling Reactioflé Bd. (Eds.: A. de Meijere, F. Diederich), Wiley-VCH,
Weinheim,2004 b) Handbook of Organopalladium Chemistry for Organim@®esis(Ed.: E.-i. Negishi),
Wiley-VCH, New York, 2002 c) Transition Metals for Organic Synthesi§’ZEd. (Eds.: M. Beller,
C. Bolm), Wiley-VCH, Weinheim2002
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Thus, even rather unreactive organozinc compourrds able to undergo various

reactions with less electrophilic molecules.




A. INTRODUCTION

2. ORGANOMAGNESIUM REAGENTS

2.1 OXIDATIVEADDITION OF MAGNESIUM TOCARBONHALOGENBONDS

When Philippe Barbiets studentVictor Grignard discovered the organomagnesium
compounds in 1908, he probably never dreamed of these reagents spdredome
“...the most important of all organometallic compourtsountered in the chemical
laboratory’.*® By direct magnesium insertion into the carbondedi bond of
methyliodide,Grignard managed to establish the first, straightforwardrepgh for the
preparation of these organometallic compounds imerat solutiond’/ Despite of
extensive studies performed by chemists and plsysjcthe exact mechanism of the
insertion reaction is still not entirely clarifiedhut a radical pathway is generally
accepted? However, since then, thes@rignard reagents have found numerous
applications in chemical laboratories and in chedriredustry?°

Yet, the method of the direct magnesium insertienegally shows several drawbacks.
On the one hand, the efficiency of the insertioacten itself is hampered by the low
atom-economy. On the other hand, due to the highly exothermitation step using
activating agents such as dibromoethane or iodin¢he generation of an active metal
surface, their preparation in plant scale beaissesafety riské® This fact also leads to
a limited functional group tolerance extremely irdipg) the scope of this reaction.

In 1972,Riekeand co-workers reported a new method for the pagijoan of Grignard
reagents which successfully overcomes these flaBss. reduction of anhydrous
magnesium salts using the alkali metal lithium aaghthalene as electron carrier, highly
reactive and pyrophoric magnesium (Mg*) was obtdirdowing the generation of
organomagnesium reagents at very low temperaturdshance, making this strategy
compatible with sensitive functional groups suclesters and nitriles (Scheme®l).

7. Grignard,Compt. Rend. Acad. Sci. Pari®90Qq 130, 1322.

8 The Main Group Element&ds.: G. E. Coates, K. Wade), Methuen, Lond®@&7.

93) H. M. WalborksyAcc. Chem. Re499Q 23, 286. b) J. F. Garsfcc. Chem. Re4991, 24, 95. c) J. F.
Garst, M. P. Soriag&oord. Chem. Re2004 248, 623.

%0 ) Handbook of Grignard Reagentgds.: G. S. Silverman, P. E. Rakita), Marcel Dekkésw York,
200Q b) Grignard Reagents, New Developmeffid.: H. G. Richey Jr.), Wiley-VCH, New YorR00Q c)
J. Wiss, M. Lanzlinger, M. Wermutrg. Proc. Res. De2005 9, 365.

2L M. C. JonesPlant and Operations Progred4989 8, 200.

22 a) R. D. Rieke, P. M. Hudnall. Am. Chem. So&972 94, 7178. b) R. D. RiekeSciencel989 246,
1260. c) R. D. Rieke, M. V. Hansohetrahedronl997, 53, 1925. d) J. Lee, R. Verlade-Ortiz, A. Guijarro,
J. R. Wurst, R. D. Riekd, Org. Chem200Q 65, 5428. e) R. D. Riekdldrichchim. Acta200Q 33, 52.
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OH
Br Mg* MIB"  phcHo Ph
.78 °C, 15 min 78°C, 2h
ocosu T 0COBu THF 0COBu

76%

Scheme 1Preparation and reactivity of a functionalizédgnard reagent using highly reactive
RiekeMg (Mg*).

Nevertheless, the tedious activation of the magmegirior to its use and the need for
very low reaction temperatures makes iekemethod quite disadvantageous at times.
Thus, Knochel and co-workers established a new strategy for gheparation of
organomagnesium reagents by the direct magnesis@ntion into organic halides in the
presence of stoichiometric amounts of Lf€lUnder mild reaction conditions, this
methodology gives rise to a wide range of new (logseyl magnesium compounds
accessible from the corresponding bromides and ellenides (Scheme 2).

Mg, LiCl )
FG-R-X —— > FG-R-MgX:-LiCl
THF
R = aryl, heteroaryl
X =Cl, Br
FG = CO,R, CN, Hal, CF3, OR

Br MgBrLiCl
OPiv
MgBrLiClI MgBrLiCl ll\{ N MgBrLiCl
J@/ N’ U

N Br
EtO,C N
93% 90% 88% 91%
ClwS~_Cl Mg (2.5 equiv) ClwS\_MgCIiCl _ ClwS\_Ph
\ / LiCl (1.25 equiv) \ / 1) ZnCl, (1.0 equiv) \

cotBu THF. 50°C. 3N g0 ‘copu 2 Pd(dba); Bmol%) g6 " “co,tBu
P(2-furyl); (6 mol%)

Phl (0.7 equiv) 82%

tBuO,C

Scheme 2:Preparation of functionalized (hetero)aryl magnesiteagents using Mg in the
presence of LiCl.

2.2HALOGENMAGNESIUMEXCHANGE
A wide range of viable organomagnesium reagentsalso accessiblevia
halogen/magnesium exchange reactions. In contrastinsertion reactions, the

homogeneity of the halogen/magnesium exchange loeai@n advantages. Since these

23 3) F. M. Piller, P. Appukkuttan, A. Gavryushin, Melm, P. KnochelAngew. Chem. Int. E008 47,
6802. b) F. M. Piller, A. Metzger, M. A. Schade, 8.Haag, A. Gavryushin, P. Knoch&hem. Eur. J.
2009 15, 7192.
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A. INTRODUCTION

reactions are performed under very mild conditidhg, functional group tolerance is
clearly improved. The first halogen/magnesium ergeawas reported bRrevéstin
1931 by reaction of cinnamyl bromide with ethylmagium bromide (Scheme %).

N Et,0 N
Br - MgBr
> EtBr
©/\/\ + EtMgBr 20°C. 121 ©/\/\ .

Scheme 3First example of a halogen/magnesium exchangetexpby Prevost.

This method has found numerous applications and gecess to organometallic
reagents such as magnesium carbenoids which, sedeae difficult to prepare by direct
magnesium insertiof:?® The halogen/magnesium exchange is considered as an
equilibrium in which the driving force of the excige reaction is the formation of the
most stable organomagnesium species. In that macorapared to the exchange reagent
itself, the thus-prepared organometallic compoundspses a higher thermodynamic
stability (Sp > Sfinyi > SBaryi > SPprim > SPsed-”’

In 1998, the methodology of the halogen/magnesixthange could be further
extended byKnocheland co-workers describing the iodine/magnesium a&xgé with
PhMgCI andiPrMgBr at low temperatures and thus, enabling the of substrates
bearing sensitive functionalities (Schemé&®%).

NO, NO NO, OH

2 CHO
| MgCl ©/
PhMgCI O O

-

THF, -40 °C. 10 min_ THF, 40°C. 1h
0% > Ph 0% > Ph 0% > Ph
93%

CHO
CO,Me CO,Me ©/ COMe
iPrMgBr o

-

THF,-10°C, 0.5 h
| MgBr HO™ ~Ph
90%
Scheme 4:Preparation and reactivity of functionaliz€dignard reagents by iodine/magnesium
exchange using PhMg®@l iPrMgBr.

24 C. PrevostBull. Soc. Chim. Fr1931, 1372.

% a) J. VilliérasBull. Soc. Chim. Fr1967 1520. b) J. Villiéras, B. Kirschleger, R. Tarhguvl. Rambaud,
Bull. Soc. Chim. Fr1986 470.

% 3) C. Tamborski, G. J. Moord, Organomet. Chenl971, 26, 153. b) N. Furukawa, T. Shibutani, H.
Fujihara,Tetrahedron Lett1987, 28, 5845. c) D. J. Burton, Z.-Y. Yan@getrahedron1992 48, 189. d) G.
Cahiez, D. Bernard, J. F. Normadt, Organomet. Cheml976 113 107. e) C. Bolm, D. Pupowicz,
Tetrahedron Lett1997, 38, 7349.

2D, Hauk, S. Lang, A. Murs@rg. Process Res. De200§ 10, 733.

%8 a) L. Boymond, M. Rottlander, G. Cahiez, P. Kndchengew. Chem. Int. EA998 37, 1701. b) I.
Sapountzis, P. Knochengew. Chem. Int. EQ002 41, 1610. c) |. Sapountzis, H. Dube, R. Lewis, N.
Gommermann, P. Knochel, Org. Chem2005 70, 2445.
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A. INTRODUCTION

While the exchange reaction on (hetero)aryl iodigesceeds smoothly with these
exchange reagents even on moderately activatedratdss aryl and heteroaryl bromides
are much more reluctant to undergo a Br/Mg exchaBihker a directing grodp has to
be present in the organic bromide, which readilglates the exchange reag&hgr
rather harsh conditions such as elevated tempegituare required for a successful
exchange reaction.

To overcome these problemknocheland co-workers recently developed the so-
called “TurboGrignard’ iPrMgCI-LiCl showing a remarkably higher reactiviand
hence, broadening the scope of the exchange reaictisuch extend that even rather
unactivated (hetero)aryl bromides are successfollgverted into the corresponding
magnesium reagents (Schemé s}

Y jPrMgCI-LiCl Yy A + Yy
Foi gy PMICLLICI el AygcrLicc —— Fe- e
T J g T J T J
X X X
FG = CO,R, CN, Hal, CF;, OR

X=CH, N, S

ST I el
Br\(ﬁ/\{\/ NC\O\\)KQ ©>\ Ph @/\ " "Ph @[\ 0
N/ S Br

93% 88% 81% 90% 86%

Scheme 5: Preparation and reactivity of functionalizedsrignard reagents by
bromine/magnesium exchange using the TuBbigmnard reagentiPrMgCLLICI).

The reactivity-boost of the Turb@rignard is attributed to the complexation of LiCl
leading to a magnesium-lithium ate-species whigmicantly increases the solubility
and the nucleophilicity of both the exchange reagenl the resultingsignard reagent

due to deaggregation of the magnesium species f8cBE>

a i /A o /o
>7Mg /\Mg~< 2Licl_ 2>7Mg /‘Li = 2>7Mg\ Li
cl cl Cl

Scheme 6:Effect of LiCl onGrignard reagents.

2 a) M. O. Kitching, V. Snieckusdyature2012 486, 478. b) M.C. Whisler, S. MacNeil, V. Snieckus, P.
Beak, Angew. Chem. Int. EQ004 43, 2206. c) V. Sniecku$zhem. Rev199Q 90, 879. d) P. Beak, V.
SnieckusAcc. Chem. Re4982 15, 306.

%0 a) M. Abarbri, F. Dehmel, P. Knochdletrahedron Lett1999 40, 7449. b) M. Abarbri, F. Dehmel, P.
Knochel,J. Org. Chem200Q 65, 4618.

31 H. Nishiyama, K. Isaka, Keniji Itoh, K. Ohno, H. ¢}se, K. Matsumoto, H. Yoshiwark, Org. Chem.
1992 57, 407.

%23) A. Krasovskiy, P. KnocheAngew. Chem. Int. E@004 43, 3333. b) A. Krasovskiy, B. F. Straub, P.
Knochel,Angew. Chem. Int. EQ00§ 45, 159. c) H. Ren, P. Knochelhem. Commur2006 726. d) C.-
Y. Liu, P. Knochel,Org. Lett.2005 7, 2543. e) F. Kopp, A. Krasovskiy, P. Knoch€hem. Commun.
2004 2288.
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A. INTRODUCTION

The halogen/magnesium exchange works well for mealeficient systems.
However, in cases where the electron-density ofatieae is rather highPrMgClI-LiCl
fails to readily convert these compounds to theesponding magnesium species. To
this end,bissmagnesium reagents of type RMIgCl have been established, showing,
according to quantum-chemical calculations, thatekchange reaction is more likely to
proceed when the ate-character of the exchangemeég enhancetf” In this context,
the Grignard reagentssBu,Mg-LiCl and iPrMg-LIiCl were developed and could
successfully be employed in exchange reactions wiimparably unreactive aryl

bromides and iodides (Scheme®?).

SBuMgCl + sBuLi  —1HF, sBu,Mg-LiCl
1 M solution; >95%
2 iPMgCl-Licl  —THF iPrMg-LiCl
dioxane
> 95%
MeO sBuzMg-LiCI MeO MeO
(1.1 equiv) __ Ph-CHO OH
MeO Br ————— MeO MgLiCl ————> MeO
THF, 25 °C 2 bh
MeO 2h MeO MeO
> 95% 90%
iPr,;Mg-2LiCl _ &CHO OH
Br (0.53 equiv) Mg-LiCl | G o)
. > 2 _— \ /
MesSi THF/dioxane (9:1) . )
3 25°C, 48 h Me;Si Me;Si
> 99% 92%

Scheme 7.Use of RMg- LiCl as exchange reagents for electron-rich atics.

2.3 ULFOXIDE/MAGNESIUMEXCHANGE

Not only halogenated substrates display suitabdeyssors for the performance of a
magnesium exchange. In 19%gtohand co-workers presented their pioneering work on
several sulfoxide/magnesium exchanges employingchloro-substituted vinyl
sulfoxides, which were readily converted into tleerespondindgsrignard reagents upon

treatment with ethylmagnesium chloride (Schem#& 8).

o, HO
Ph SOMe EtMgCl Ph.  MgCl EtCHO  Ph Et

THF, -78 to -50 °C
PH Gl ke PH Gl PH  ClI
44%

Scheme 8:Sulfoxide/magnesium exchange aithloro-substituted vinyl sulfoxides.

% a) T. Satoh, K. Takano, H. Someya, K. MatsuBletrahedron Lett1995 36, 7097. b) For leading
references see: T. Satoh, K. Takano, H. Ota, H.eyamK. Matsuda, K. Yamakaw#etrahedron1998
54, 5557. ¢) For a review, see: T. Sat6hem. Soc. Re2007, 36, 1561.
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A. INTRODUCTION

Further extensions could be accomplishedSayoli* and Hoffmanri®> who reported
the preparation of chiral magnesium reagents wreelsted with electrophiles to produce
substrates bearing a second chiral center tramgfere enantiomeric purity (Scheme 9).
Noteworthy, this reaction proceeds under inversabithe configuration at the sulphur

atom.

0
S EtMgCl cIM 0
Tol” Ph - g 0
\‘/\ THF,-78°C,2h ﬁﬁph * _S.

Cl Cl Tol” ™ Et

99%, 96% ee

OH
Ph-CHO Ph/'\(\Ph
Cl

Me,AICI

70%, 93% ee

Scheme 9:Sulfoxide/magnesium exchange on chirathloro-substituted alkyl sulfoxides.

Lockhard Capozziand Naso exploited the sulfoxide/magnesium exchange for the
enantioselective synthesis of dialkyl sulfoxideartang from chiral sulfinyl derivatives

which had been prepared by thedersef® sulfinate (Scheme 16¥.

('s?, o o MgCl
“OMenthyl ~ C1oHp1MgCl_ (S EtMgCl S +
—————> 1021 S Et” " 'C4H
. THF, -30 °C THF, -30 °C 10M21
1.5h Br 15h 95%, >98% ee

Br
Scheme 10Preparation of chiral dialkyl sulfoxides.

However, most of the reported studies mainly foduse the synthesis of chiral
substrates starting from the chiral sulfoxides,haitt paying much attention to the
formation of valuableGrignard reagents during the exchange reactions. In 28aih
described the synthesis of functionalized furand eeported therein the preparative
utilization of sulfinyl groups (Scheme 1%¥).Yet, the methodology only shows little

functional group compatibility and suffers from thecessity to use excess of reagents.

% a) T. Satoh, D. Taguchi, C. Suzuki, S. Fujisaletrahedron2001, 57, 493. b) T. Satoh, K. Akita,
Chem. Pharm. BulR003 51, 181. ¢) T. Satoh, M. Miura, K. Sakai, Y. Yokoyamatrahedron2006 62,
4253. d) S. Sugiyama, H. Shimizu, T. Safbétrahedron Lett2006 47, 8771.

% a) R. W. Hoffmann, B. Hélzer, O. Knopff, K. Harmangew. Chem. Int. EQ00Q 39, 3072. b) B.
Holzer, R. W. HoffmannChem. Commur2003 732. c) R. W. Hoffman@€hem. Soc. Re2003 32, 225.

% a) K. K. AndersenTetrahedron Lett1962 3, 93. b) K. K. Andersen, W. Gaffield, N. E. Papaniu, J.
W. Foley, R. I. Perkins]. Am. Chem. Sot964 86,5637.

3" @) J. P. Lockard, C. W. Schroeck, C. R. John&ymnthesisl973 485. b) M. A. M. Capozzi, C.
Cardellicchio, F. Naso, V. Rositd, Org. Chem2002 67, 7289. c) For a review, see: M. A. M. Capozzi,
C. Cardellicchio, F. Nasdgur. J. Org. Chem2004 9, 1845.

% T, Miyagawa, T. Satoletrahedron Lett2007, 48, 4849.
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0]
)v\ Phal
Ph Me .S Cl )
(1.3 equiv) 0] Tﬁilpf%equw.) o
i equiv
PhS(O)CHCl, —HMPA(2equ) S equ Ph— O S
LDA (1.2 equiv) MeCN, 25 °C
THF,-78°C, 2 h 0~ “Ph 16h Me  Me
99% 72%
1) mCPBA (1.3 equiv)
0°C
2) iPrMgCl (3 equiv),
-78°C
O
Ph—© PhCOC Ph— O~ ~MgCl
N\ / Ph (5 equiv) \§_/2’
Me Me -78t0 25 °C Me Me

57%

Scheme 11Synthesis of a tetrasubstituted furane using tlfexgl group.

The groups ofOae and Furakawa further exploited the sulfoxide/magnesium
exchange and discovered that exchanges performetieteroaryl sulfoxides using
different organometallic reagents led either toatig exchange or ligand coupling

reactions (Scheme 13.

z X
N“ s PhMgBr |
o ’ N7 ligand coupling

ligand exchange

Scheme 121 .igand coupling and ligand exchange reactions-pgritlyl sulfoxides.

Recently, Knochel and co-workers successfully applied this sulfofitegnesium
exchange to the regioselective functionalization wo#rious aromatics and

heteroaromatic®

% a) S. Oae, T. Kawai, N. Furukaw@etrahedron Lett.1984 25, 69. b) T. Kawai, N. Furukawa,
Tetrahedron Lett1984 25, 2549. c) S. Oad?hosphorus and Sulfut986 27, 13. d) N. Furukawa, T.
Shibutani, H. FujiharaTetrahedron Lett1989 30, 7091. e) T. Shibutani, H. Fujihara, N. Furukawa,
Tetrahedron Lett1991 32, 2943.

403) L. Melzig, C. B. Rauhut, N. Naredi-Rainer, fd¢hel,Chem. Eur. J2011, 17, 5362. b) F. Kopp, G.
Sklute, K. Polborn, I. Marek, P. Knoch€lg. Lett.2005 7, 3789. c) C. B. Rauhut, L. Melzig, P. Knochel,
Org. Lett.2008 10, 3891. d) L. Melzig, C. B. Rauhut, P. Knoch&}nthesi2009 1041. e) L. Melzig, C.
B. Rauhut, P. KnocheGChem. Commur2009 3536.
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2.4DIRECTEDMETALATION WITHAMIDE BASES

Besides the interconversions mentioned above, orgagnesium compounds are as
well accessiblevia a direct metalation using magnesium amide b&skkin advantage
of this method is the lack of an obligatory carb@miegen bond present in the substrate,
since such organic halides are usually quite “egipvefi and have to be prepared prior to
use. The directed deprotonative metalation, inresht readily employs a more or less
activated hydrogen-carbon bond for the transforomatinto the corresponding
magnesium species.

Up to now, a wide range of Mg-amide bases has lEsmloped. Based on the
pioneering work oMeunier**? further extensions in this field were achievedHauser
developing the mild magnesium bases diethyl- angogliopylaminomagnesium
bromide, which later on should be called thtatiserbases™'* Eatori? and Mulzef*®
finally employed the more sterically hindered 2,@;&tramethylpiperidine (TMPH) as
amine for their bases TMPMgCI, TMPMgBr and TRy (TMP = 2,2,6,6-
tetramethylpiperidyl). Yet, similarly to classigrignard reagents, the organomagnesium
reagents resulting from deprotonative metalatioth ilhese amide bases also show the
tendency to form aggregates leading to a low shiuband a reduced reactivity.
Consequently, for coping with these problems, gdaexcess of these bases and of the
electrophiles had to be used. To this end, by dgvwed the magnesium amides
TMPMgCI- LiCI** and TMBMg- 2LiCI** (TurboHauserbases)Knocheland co-workers
have made an enormous improvement in this &réaalogous to the exchange reagent
iIPrMgCI- LiCl, the stochiometric amount of LiCl leatts deaggregation and therefore,
results in highly reactive mixed Mg/Li-amides whiplasess an excellent solubility in
solvents such as THF. With these bases in hantugfunctionalized aryl, heteroaryl

and vinyl organomagnesium reagents could be prd&eheme 13y*4°

“1 a) L. Meunier,C. R. Hebd. Seances Acad. 9603 136, 758. b) C. R. Hauser, H. G. Walkdr, Am.
Chem. Socl1947 69, 295. c¢) C. R. Hauser, F. C. Frostick, Am. Chem. S0d.949 71, 1350. d) A.
Schlecker, A. Huth, E. Ottow, J. Mulzér, Org. Chem1995 60, 8414.

“2p. E. Eaton, C.-H. Lee, Y. Xiond, Am. Chem. So&989 111, 8016.

“3W. Schlecker, A. Huth, E. Ottow, J. Mulzét Org. Chem1995 60, 8414.

“ a) A. Krasovskiy, V. Krasovskaya, P. Knoch&hgew. Chem. Int. EQ00G 45, 2958. b) N. Boudet, J.
R. Lachs, P. KnocheDrg. Lett.2007, 9, 5525. c) M. Mosrin, P. KnocheDrg. Lett.2008 10, 2497. d) A.
H. Stoll, P. KnochelQrg. Lett.2008 10, 113.

% a) G. C. Clososki, C. J. Rohbogner, P. Knockeigew. Chem. Int. EQR007, 46, 7681. b) C. J.
Rohbogner, A. J. Wagner, G. C. Clososki, P. Knadbay. Synth2009 86, 374. c) C. J. Rohbogner, G. C.
Clososki, P. KnocheAngew. Chem. Int. E@008 47, 1503.

“5 For a recent review article about metalation ieastusing hindered amide bases, see: B. A. Haag, M
Mosrin, H. lla, V. Malakhov, P. Knoche\ngew. Chem. Int. E@011, 50, 9794.
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X Li X
rol ) TMRMSOIOL 16 Y yciic —E s roll Je
L7 THF K Z K

X X
X=CH,N, S, O
FG = CO,R, CN, Hal, CF3, OR
H
O}\f CO,Et
o CrrE™ O IL [1
cl” N el N” > Br Et0,C CO,Et o~ ~COEt
90% 81% 88% 83% 98%
Xy TMP,Mg-2LiCl X * X
FG@ M Mg 2LIVE FG@)EMQ-ZUCI _E. FG@E
X THF X X
X=CH,N,S, O
FG = CO,R, CN, Hal, CF3, OR
0
\ EtOQC COzEt / \
N7 SEM
81% 77% 75%

Scheme 13: Direct magnesiation using the Turb@auser bases TMPMgCI-LiCl
TMP,Mg- 2LiCl, and subsequent reactions with electregshil
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3. ORGANOZINC REAGENTS

3.1 OXIDATIVEADDITION OF ZINC TOCARBONHALOGENBONDS

The oxidative addition of zerovalent, elemental ahé a carbon-halogen bond was
first discovered byRobert Bunses studentEdward Franklandin 1848% With the
synthesis of the pyrophoric diethylzinc by reactadfrzinc with ethyliodide under inert
hydrogen atmosphefé,Frankland synthesized the first organozinc reagent and paved
the way for one of the most important methods &plplip to now for the preparation of
organometallics. However, due to their low reatyivithe actual potential of these
organozinc reagents was not acknowledged durinditsie80 years?® and thus, they
only found few applications in organic synthesisluding theReformatskyreaction of
zinc enolates and theSimmons-Smitttyclopropanation reactiol. Furthermore, the
easy access to organomagnesitithand organolithium reagents did not have a positive
impact on the popularity of organozinc reagenthegit Yet, their low reactivity is
attributed to the rather covalent character of dadbon-zinc bond and leads to a high
functional group tolerance, which, in contrast tgamomagnesium and -lithium reagents,
is even guaranteed at elevated temperaftirés?Hunsdieckerecognized the value of
the properties accompanied by organozinc reagemds veas responsible for their
resurrection when he reported on the preparatioestdr-substituted alkyl zinc iodides
from zinc and the corresponding alkyl iodides 1388’

Thus, the direct insertion of zinc metal into ongadmalides constitutes one of the main
approaches to organozinc reagéfitfhough a broad range of sensitive functionalities
such as esters, ketones and nitriles are wellatddr this method usually suffers from
the necessity to use “expensive” organic iodided alevated temperatures in polar
solvents like HMPA, DMF, DMA or DMSG? Some of these flaws could be overcome
by Rieke et alwith the development of highly active zinc (Zn¥yhich, similarly to

“"a) E. Frankland,iebigs Ann. Cheni848 71, 171. b) E. Frankland, Chem. Sod.848 2, 263.

“8p. Knochel, R. D. SingeGhem. Rev1993 93, 2117.

49 a) S. ReformatskyChem. Ber.1887 20, 1210, b) S. ReformatskyChem. Ber.1895 28, 2842.
¢) R. OcampoTJetrahedror2004 60, 9325. d) A. FurstneAngew. Chem. Int. EA993 32, 164.

*® a) H. E. Simmons, T. L. Cairns, A. Vladiuchick, ®1. Hoiness, Org. React.1972 20, 1.
b) H. E. Simmons, R. D. Smitd, Am. Chem. So&958 80, 5323. ¢) H. E. Simmons, R. D. Smith,Am.
Chem. Soc1959 81, 5323. d) H. Lebel, J.-F. Marcoux, C. Malinaro, B. Charette Chem. Rev2003
103 977.

*LV. Grignard,Ann. Chim1901, 24, 433.

*2a) P. Knochel, F. Langer, M. Rottlander, T. StidamChem. Ber1997 130, 387. b) P. Knochel, J. J.
Almena Perea, P. Jones,TRetrahedronl 998 54, 8275.

*3H. Hunsdiecker, H. Erlbach, E. Vo@ierman Patent 722461942

% a) K. Tagaki, N. Hayama, S. Inokavyll. Chem. Soc. Jpri98Q 53, 3691. b) K. TagakiChem. Lett.
1994 469. c) K. Tagaki, Y. Shimoishi, K. Sasakihem. Lett1994 2055. d) T. N. Majid, P. Knochel,
Tetrahedron Lett199Q 31, 4413.
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Mg*, is prepared by reduction of ZnQlith lithium naphthalide, and gives access to a
wide range of functionalized organozinc reagengstisgy from moderately activated
organic bromides (Scheme 1454

0]

J 0
nBu Cl
/@/Br zn* /@/Z”Br CuCN-2LiBr /©)‘\n8u
B _—
EtO,C reflux, 2 h EtO.,C -20to 0 °C, 15 min EtO.,C
2 THF 2 THF 2
100% 94%

Scheme 14 Preparation and reactivity of a functionalizedyarozincreagent using highly
reactiveRiekezZn (Zn*).

Further improvements for the preparation of orgamoreagents by oxidative addition
could be accomplished binochel and co-workers in 2006, establishing the LiCl-
promoted insertion of zinc metal into organic hesitf Similarly to the effect of LiCl
reported for the magnesium insertidnthe stoichiometric amount of this lithium salt
results in a reactivity-boost enabling, besidesratic and heteroaromatic bromides and
iodides, also the use of alkyl bromides and berchbrides in insertion reactions
(Scheme 15).

Zn, LiCl
FG-R-X —— > FG—-R-ZnX-LiCl
THF
R = alkyl, aryl, heteroaryl

X =Br, |
FG = CO5R, COR, CHO, CN, Hal, CF;, OR

/©/zm-u0| /@\ OHC Znl-LiCl ZnBr-LiCl O/ZnBrLiCI
E1O,C EtO,C™ o~ ~ZnBr-LiCl oM J

OMe CO,Et
95% 92% 82% 95% 96%

X Zn, LiCl X "
Fe{j/\CI Fel ZnCI-LiCl
= THF =

FG = CO,R, COR, CHO, CN, Hal, CF3, OR

F.C NG o MeO ZnCI-LiCl
3 \©/\ZnCI-LiCI \©/\ZnCI-LiCI { j@(\ZnCI-LiCI oo
0 Cl OMe

94% 93% 93% 78%
Scheme 15LiCl-mediated preparation of functionalized orgainczeagents.

> a) R. D. Rieke, P. T.-J. Li, T. P. Burns, S. T.mJk. Org. Chem1981, 46, 4324. b) L. Zhu, R. M.
Wehmeyer, R. D. Riekd, Org. Chem1991, 56, 1445.

% a) A. Krasovskiy, V. Malakhov, A. Gavryushin, Pnéchel, Angew. Chem. Int. EQ006 45, 6040. b)

A. Metzger, M. A. Schade, P. Knoch@rg. Lett.2008 10, 1107. c) N. Boudet, S. Sase, P. Sinha, C.-Y.
Liu, A. Krasovskiy, P. Knochel]. Am. Chem. So2007, 129, 12358.
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The exact role of LiCl during the zinc insertioracdon was extensively studied by
experimental, computational and analytical studieShe obtained results designated
that, on the one hand, LiCl reduces the energhetransition state for the insertidf,
on the other hand, instead of forming organometlbf type R-ZnHal-LiCl, ESI-
measurements indicate the active species to btearomplex of type 'R-ZnHalCI.5™
¢ Additionally, the solubility of the formed organemallic species in THF is increased
leading to a free metal surface during the insentgaction. This metal surface might be
regenerated and thus, is available for the funthaction with the organic halide.

An alternative and further improved access to oogart reagents displays the LiCl-
mediated insertion of magnesium into organic haligethe presence of Zn{lwhich
has recently been disclosed kiyocheland co-workers (Scheme 18)®

in situ 1.0
transmetalation equiv FG-R-2ZnCI-MgXCl-LiCl
Mg, LiCl ZnCl, E*
FG-R-X FG—R—MgX~LiCII 0.5 FG-R-E
equi

\%
L— > 0.5 (FG-R}Zn-2MgXCl-2LiCl
R = alkyl, aryl, heteroaryl, benzyl 2
X =ClI, Br
FG = CO5R, COR, CHO, CN, Hal, CF3, OR

Me
Me NMe, OMe
Yo Ph I V. , CO,Et
,,’ N\ v A N AN
OO oy e O 10
o 0 ph O OH MeO” N X
91% 81% 91% 98% 68%

OMe MeO \
©/ \ Me Me O
NC ol
My, L s
EtOZC/O\/ COzEt

o ! CO,Me Opiv Cl
79% 89% 87% 83%

Scheme 16:Preparation and reactivity of functionalized organo reagents using LiCl-
mediated Mg-insertion in the presence of zZnCl

Thus, oxidative addition of Mg in the presence @flLleads to a highly reactive
organomagnesium reagent which s situ trapped with 1.0 equivalents of ZnQGb

furnish a more stable zinc compound. The reactwitithe obtained zinc organyl may be

" a) C.-Y- Liu, X. Wang, T. Furuyama, S. Yasuike, Muranaka, K. Morokuma, M. Uchiyam&hem.

Eur. J. 201Q 16, 1780. b) K. Koszinowski, P. Bdhre@Qrganometallics2009 28, 771. c) J. E.
Fleckenstein, K. KoszinowskDrganometallic2011 30, 5018.

8 a) A. Metzger, F. M. Piller, P. Knochabhem. Commur2008 5824. b) T. D. Bliimke, F. M. Piller, P.
Knochel,Chem. Commur201Q 46, 4082.
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enhanced by adding only 0.5 equivalents of Zréld hence, preparing a diorganozinc
species. Due to the higher reduction potential agnesium, obvious advantages of this
method consist in the shortened insertion times andhe possibility to employ

“cheaper” (hetero)aryl bromides as well as hetgtoahlorides as starting materials

instead of the corresponding iodides (Schemé®16).

3.2HALOGENZINC EXCHANGE

Analogously to organomagnesium compounds, organoziarivatives are also
accessiblevia an exchange reaction. Formerlyrukawa reported a successful 1/Zn
exchange using diethylzinc, but this reaction westricted to 1,1-diiodoalkané¥.in
1992,Knocheland co-workers managed to readily convert a wadhge of primary alkyl
iodides to the corresponding dialkylzinc reagenp®ru treatment with EZn in the
absence of solvefif. Nevertheless, this method suffered from severawbacks
including the necessity of elevated temperatur@—~%0 °C) and excess of pyrophoric
Et,Zn (3.0 — 5.0 equiv) leading to scale-up proble@se year later, the same group
reported an improved procedure employing coppeadl)s such as Cul and CuCN for
catalyzing the 1/Zn exchange and thus, leading twafold rate increas®. Yet, this
strategy was still only applicable to primary alkgidides and the use of pyrophoric
diethylzinc represented a major disadvantage. Hdfrmecheland Micouin developed a
method for circumventing the use of neat and pyooighPr.Zn by thein situ generation
of iPnLZn-2MgBpk from iPrMgBr and ZnBs®? Thereby, they discovered that the
additional salt MgBr complexed to the thus-preparndt,Zn leads to a rate acceleration
of 200 times. Furthermore, the 1/Zn exchange wasomndy restricted to primary alkyl
iodides, but secondary derivatives could succdgsfoé employed in the reaction
sequencé?

This observation paved the way to the breakthromgthis field accomplished by
Knocheland Kneiselin 2004, noticing that this 1/Zn exchange can b&alyzed by the
addition of catalytic amounts of Li(aca®)This lithium salt accelerated the rate of the
I/Zn-exchange reaction even more than the aforaporead complexed magnesium salts,

leading to a dramatically increased reactivity vahior the first time, made it possible to

*9a) J. Furukawa, N. Kawabata, J. Nishimdretrahedron Lett1966 3353. b) J. Furukawa, N. Kawabata,
Adv. Organomet. Cheri974 12, 83.

M. J. Rozema, A. Sidduri, P. Knochél,Org. Chem1992 57, 1956.

1 M. J. Rozema, C. Eisenberg, H. Liitjiens, R. OstwéldBelyk, P. KnochelTetrahedron Lett1993 34,
3115.

62|, Micouin, P. KnochelSynlett1997, 327.

3 F. F. Kneisel, M. Dochnahl, P. Knoch@hgew. Chem. Int. E@004 43, 1017.
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even use aryl iodides as starting materials. Thiesb in reactivity is presumably
attributed to the formation of an ate-intermedgisplayed in Scheme f7.

+

Li

iProZn
10% Li(acac) Ar_- 0 .
Ar-l zn / A anzn
ELONMP (1:10)  p” o

25°C

Scheme 17:Ate complex formed duing the Li(acac)-catalyzediniedzinc exchange using
iPrZn.

Hence, highly functionalized (hetero)aryl iodidesres successfully converted to the
corresponding diarylzinc species and reacted withide range of electrophils, even
tolerating sensitive aldehyde groups due to thel mehction conditions used (Scheme
18)%

iPr,Zn (0.55 equiv)

X! Liacac) (10 mol%) A E X E
FG FG —> FGr
= Et,O/NMP (1:10) = =

FG = CO,R, COR, CHO, CN, Hal, OR, NCS

COzMe
Me Me
Me, Me & NO,
EtO,C SnMe ‘ N \ ~ 0 \
2 \CE ’ ph-N N @L
0 CN CO,Et
66% 60% 84% 87% 71%

Scheme 18:Preparation and reactivity of functionalized zieagents by iodine/zinc exchange
usingiPrZn.

Moreover, this 1/Zn exchange reaction could alsoabpelied to an intramolecular
carbocupration using CuCN-2LiCl stereoselectivasiding a carbocyclized derivative

asE-isomer only (Scheme 183.

EtO,C
1) iPryoZn (0.55 equiv) [Cu]
Li(acac) (10 mol%) Ph CO,Et

NMP, 25 °C, 12 h / /lvBr / "
= =
2) CUCN-2LiCl (1.1 equiv)
60 °C, 8 h
X
S Ph 54%
E/Z = >99:1

Scheme 19Carbocupration and cyclization by iodine/zinc exxd@usingPr.Zn.
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3.3DIRECTEDMETALATION WITHAMIDE BASES

Hydrogen-metal interconversion displays a very &dieand convenient approach to
organometallic intermediates. Great progress hars behieved with the development of
the TurboHauser bases TMPMgCI-Li¢f and TMBMg-2LiCl.** However, sensitive
aryl and heteroaryl derivatives bearieg. nitro and aldehyde substituents degradate
upon treatment with these bases and thus, ared®edlitom magnesiation. To this end,
Knochel developed the extremely mild bases TMPznCl-$iCl and
TMP,Zn-2MgC}- 2LiCI®® allowing the chemoselective zincation of sensiubstrates.
Consequently, a wide range of sensitive aromattt lateroaromatic derivatives could
be smoothly zincated and subsequently reacted watious electrophiles to afford
polyfunctional (hetero)arenes (Scheme %0).

N IMPznCiticl @ N BT N
FG Y ————— > FG; ZnClI-LiCl FG E
X/ THF Kx/) Kx/)

X=CH,N, S, 0
FG =CO,R, COR, CHO, CN, Hal, CF;, OR, NO,

FsC E o OMe
X N,
“Npp Ol O
CHO ool \ . ,
N NP0
Ot 6T LA
g CI” °N NO, N~ ~Cl CO,Et
87% 83% 84% 71% 67%
X . -2Li X + RN
G @ TMP,Zn-2MgCl-2LiCI_ _ - @);Zn~2MgCI2-2LiC| _E, FG_:(:_E
X THF X X
X=CH,N,S, O
FG = CO,R, COR, CHO, CN, Hal, CF3, OR, NO,
O CO cHO
// pr— D
A\ i
)|\0>. SPh CO,Et N (:E\B—No2
Ph Br Me 0]
75% 83% 71% 82%

Scheme 20Direct zincation using TMPZnCI- LiCl and TMEn- 2MgC}-2LiCl.

64 @) M. Mosrin, P. KnochelDrg. Lett.2009 11, 1837. b) M. Mosrin, T. Bresser, P. Knoch®kg. Lett.
2009 11, 3406. c) A. Unsinn, P. Knochebhem. CommurR012 48, 2680. d) L. Klier, T. Bresser, T. A.
Nigst, K. Karaghiosoff, P. Knochel. Am. Chem. So2012 134, 13584.

% a) S. H. Wunderlich, P. KnocheAngew. Chem. Int. E®2007, 46, 7685. b) S. H. Wunderlich, P.
Knochel,Org. Lett.2008 10, 4705. ¢) S. H. Wunderlich, P. Knoch€hem. Commur2008 47, 6387.

20



A. INTRODUCTION

4.7-AZAINDOLE AND ITS CHEMISTRY

4.1 BACKGROUND ANDAPPLICATIONS OF7-AZAINDOLES

Azaindoles, also called pyrrolopyridines, displEyheterocyclic compounds of key
importance and may be described as indole biois85teontaining an additional
nitrogen atom in the 6-membered ring (position 4&9dnsequently, these heterocycles
are built up from an electron-rich pyrrole and decton-deficient pyridine subunit.
Depending on the position of the additional nitrogm the pyridine ring, these

heterocycles are categorized as 4-, 5-, 6- or ihdakes (Figure 1§’

4

3
6 N

7 H
S NN N N
| | | |
Z >N Z >N NN N~ N
H H H H
4-azaindole 5-azaindole 6-azaindole 7-azaindole

1H-pyrrolo[3,2-b]pyridine  1H-pyrrolo[3,2-c]pyridine 1H-pyrrolo[2,3-c]pyridine  1H-pyrrolo[2,3-b]pyridine

Figure 1: The four isomeric systems of azaindoles (pyrrolapyes).

Among the four isomeric systems of azaindoles, #Fezaindole core is the most
popular one and has first been isolated from caraint 1943 byKruber.®® Compared to
the related indoles, the natural occurance of andas is rather scarce. However, the 7-
azaindole skeleton can be found as motif in sonteralaproducts, and by far the most
famous example for these is the class of variolswdated 20 years ago from the

Antarctic marine spongéirkpatrickia variolosa(Figure 2)%°

% a) J.-Y. Mérour, B. JosepBurr. Org. Chem2001, 5, 471. b) A. Echalier, K. Bettayeb, Y. Ferandin, O.
Lozach, M. Clément, A. Valette, F. Liger, B. Margug C. Morris, J. A. Endicott, B. Joseph, L. MejJ.
Med. Chem2008 51, 737. c) D. P. Power, O. Lozach, L. Meijer, D.Gtayson, S. Connofioorg. Med.
Chem. Lett201Q 20, 4940.

67J. J. Song, J. T. Reeves, F. Gallou, Z. Tan, NY&e, C. H. Senanayak€hem. Soc. Re2007, 36,
1120.

%8 0. Kruber,Ber. Dtsch. Chem. Ge$943 76, 128.

%9a) N. B. Perry, L. Ettouati, M. Litaudon, J. W.uBt, M. H. G. Munro, S. Parkin, H. Hopetrahedron
1994 50, 3987. b) G. Trimurtulu, J. D. Faulkner, N. B. Bet. Ettouati, M. Litaudon, J. W. Blunt, M. H.
G. Munro, G. B. Jamesoigetrahedronl994 50, 3993.
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variolin A

N(3")-methyl variolin D
tetrahydrovariolin B

Figure 2: The class of variolins.

These alkaloids are known to posses antibactenmiyiral and, in particular in case
of variolin B, antitumor properti€¥. Thus, variolin B inhibits the growth of the P388
tumor cell line and is active againderpes simplexand polio virus while its related
derivative methyltetrahydrovariolin B shows cytatmat activity against human colon
tumor cells andaccharomyces cerevisiée'®

Another essential class of 7-azaindole containiatumal products are displayed by
merioling® which show structural similarities to variolinsety instead of a pyrimidyl-
substituted pyrido[3®":4,5]pyrrolo[1,2€]pyrimidine skeleton like variolins, they are
built up from a pyrimidyl-substituted 7-azaindolere’? These meriolins indeed show an
even higher cytotoxical potential than varioliig?and it is not surprising that within the
last two decades the biological and pharmacologin&rest in 7-azaindoles has
dramatically risen. Thus, theds-heterocycles became one of the most promising

866’73

building blocks in pharmaceutical and agrochemitalustries; giving rise to

0a) D. Fernandez, A. Ahaidar, G. Danelon, P. Cirtvhi Marfil, O. Perez, C. Cuevas, F. Albericio Al.
Joule, M. Alvarez,Monatsh. Chem2004 135 615. b) P. M. Fresneda, S. Delgado, A. Francekch,
Manzanares, C. Cuevas, P. MolidaMed. Chen2006 49, 1217.

" a) K. Bettayeb, O. M. Tirado, S. Marionneau-Lambt Ferandin, O. Lozach, J. C. Morris, S. Mateo-
Lozano, P. Drickes, C. Schachtele, M. Kubbutat,iger, B. Marquet, B. Joseph, A. Echalier, J. Entlic
V. Notario, L. Meijer,Cancer Res2007, 67, 8325. b) A. Echalier, K. Bettayeb, Y. Ferandin,®@zach,
M. Clement, A. Valette, F. Liger, B. Marquet, J. Korris, J. Endicott, B. Joseph, L. Meijel, Med.
Chem.2008 51, 737.

>S. R. Walker, E. J. Carter, B. C. Huff, J. C. Mgr€hem. Rev2009 109, 3080.

3 For reviews, see: a) F. Popowycz, S. Routier,dBeph, J.-Y. MérouiTetrahedron2007, 63, 1031. b)
Modern Heterocyclic Chemistryol. 4 (Eds.: J. Alvarez-Builla, J. J. Vaquero,Bhrluenga), WILEY-
VCH, Weinheim,2011. c) Bioactive Heterocyclic Compound Class&®l. 1 (Eds.: C. Lamberth, J.
Dinges), WILEY-VCH, Weinheim2012.d) Z. Wang, X. WangProg. Chem2012 24, 1974. e) J.-Y.
Mérour, S. Routier, F. Suzenet, B. Jos€fgtrahedror?013 69, 4767.
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valuable cytotoxical targets for the developmenre.gf anti-inflammatory* anti-cancef’

and anti-psychotf€ therapeutics (Figure 3).
PrHIN

[ ] \>/NH/Pr
N~ =N

Me>—_’< {\l N

mé O | A b\ MeHN

H
Checkpoint kinase 1 (CHK1) inhibitor Polo-like-kinase (PLK) inhibitor
Array BioPharma Vertex
anti-cancer anti-cancer

RWJ 68354
R. W. Johnson Pharmaceutical Research Institute
anti-inflammatory

Figure 3: Examples of pharmaceutically important 7-azainslole

Furthermore, due to their unique electronic behavapmbining opposite electronic
features of the two fused heterocycles (pyridiredectron-poor/hydrogen-bond acceptor;
pyrrole = electron-rich/hydrogen-bond donor) on oheteroaromatic skeleton, 7-
azaindoles have also found broad application asanicg light emitting diodes
(OLEDS),” luminescent moleculéand ligands?

4.2 SINTHESES OF-AZAINDOLES

Exactly the aforementioned electronic propertieBedintiate (7-)azaindoles from
their structurally related indoles to such extahdi common synthetic strategies for the
construction or the design of indofssuch as theFischer Madelung or Reissert

" J. R. Henry, K. C. Rupert, J. H. Dodd, I. J. Tur& A. Wadsworth, D. E. Cavender, B. Fahmy, G. C.
Olini, J. E. Davis, J. L. Pellegrino-Gensey, P Sdhafer, J. J. Siekierkd, Med. Chem1998 41, 4196.

5 a) J. Blake (Array BioPharma Inc.), WO 2009/08938309 b) M. Mortimore (Vertex Pharmaceuticals
Inc.), WO2008/079346008 c) T. Heinrich (Merck GmbH), WO 2006/11418m06

63, J. Kulagowski, H. B. Broughton, N. R. CurtisM. Mawer, M. P. Ridgill, R. Baker, F. Emms, S. B.
Freedman, R. Marwood, S. Patel, S. Patel, C. laRag. D. Leesor. Med. Cheml1996 39, 1941.

73, S. Hong, H. S. Shim, T.-J. Kim, Y. Karigtrahedror2007, 63, 8767.

8 a) Q. Wu, M. Estaghamatian, N.-X. Hu, Z. Popo®c,Enright, S. R. Breeze, S. Warfgigew. Chem.
Int. Ed. 1999 38, 985. b) Q. Wu, A. Hook, S. Wandgngew. Chem. Int. E®00Q 39, 3933. c) For a
review, see: S.-B. Zhao, S. War@hem. Soc. Re201(Q 39, 3124.

C. Waloch, J. Wieland, M. Keller, B. Breingew. Chem. Int. EQ007, 46, 3037.

8 For a recent review on indole synthesis, see: GitRaphrey, J. T. Kueth&hem. Rev2006 106, 2875
and references cited therein.
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synthesis, are not well adaptable to their azaegu&ls’’ Since naturally occurring 7-
azaindoles are rare, most derivatives are synthmtiducts making a sophisticated
approach to such heterocycles indispensable. Haweue to the electron-poor nature of

the pyridine ring, the synthesis of azaindolesrofiears certain challenges.

4.2.1SYNTHESES OF -AZAINDOLESSTARTING FROMPYRIDINEDERIVATIVES

The most convenient approach to azaindoles consigtee formation of the pyrrole
ring starting from substituted pyridine derivatiés

Unfortunately, theFischer cyclizatiof* as one of the classical indole formation
strategies cannot directly be translated to thehggis of azaindoles, since pyridyl
derived hydrazines need harsher conditions limitirgsubstrate scope dramatically and
often resulting in only modest yielG&°"32yet, while the group ofSuzeneteasily
managed the formation of 4- and 6-azaindelaghe Fischerpathway?? the synthesis of
7-azaindoles proved to be more diffic(ft. Still, it could be realized byroth et al.

under microwave irradiation (MWI) in moderate taogoyields (Scheme 28).8

®

0}
O D \
/@ . | > N’N\ diethylene glycol= ﬁ\
Br” N7 H*NHZ EtOH/H,0 (4:1) ° I O B N7 N

MWI,
25°C,1h 250 °C,0.5h
73% 51%
OMe
OMe EtOZC/\N3 OMe
| A CHO NaOEt | X COEt o-xylene | = /\ CO,Et
EtOH, -15 °C reflux ~ N
N” N” Na N" "4
61% 67%
EtO,C” SN,
CO,Et
| xCHO  BF;OEt, (cat) N
A _Bn  CH,Cl, 25°C B R
N ” N N
Bn

52%
Scheme 21Fischercyclization @A), Hemetsbergereaction B) andHossainreaction C) for the

syntheses of 7-azaindoles.

81 a) E. Fischer, F. JourdaBer. Dtsch. Chem. Ge$883 16, 2241. b) For a review, see: M. Inman, C. J.
Moody, Chem. Sci2013 4, 29.

8 M. Jeanty, J. Blu, F. Suzenet, G. Guillaun@iy. Lett.2009 11, 5142.

8 H. Kroth (AC Immune S.A.), WO 2011/12845%)11
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Furthermore, Fresneda and Molina were the first to successfully adapt the
Hemetsbergereaction® another straightfoward route to indoles, to thetlsgsis of 7-
azaindole compounds (Scheme B)?° Similarly, Fournier and co-workers managed to
prepare 7-azaindoles from R-penzylamino)-3-formylpyridine according tdossairis
indol€®® synthesis (Scheme 2@).%’

Analogously to the construction of indoles, for tlssembly of azaindoles,
organometallic strategies proved to be extremelgfuls In this context, especially
palladium catalysis plays a key role in the synthes 7-azaindoles, and besides
Heck®® sSuzuki®®* and Stille®®®® reactions, cross-couplings ofortho-
aminohalopyridines with terminal (two-step proce€gstrosynthesis}’ or internal
alkynes (one-step procedsyrockannulation}® constitute one of the main approaches to

these heterocycles (Scheme 22).

"Castro“

1=
R'=H Sonogashlra X R?
terminal alkyne | + ‘
~
N llNll | |

R1 llNll

— Sso
N N
H N R2
. X X

internal alkyne | + | |
= X =Cl, Br, I, OTf
R1 "N" = NH,, NHR

N "N"

heteroannulation
"Larock"

Scheme 22Pd-catalyzed approaches to 7-azaindoles involvitegmal and terminal alkynes.

8 H. Hemetsberger, D. KnitteMonatsh. Chenl972 103 194.

% p. M. Fresneda, P. Molina, S. Delgado, J. A. Bl@@#rahedron Lett200Q 41, 4777.

% M. E. Dudley, M. M. Morshed, C. L. Brennan, M. ISlam, M. S. Ahmad, M.-R. Atuu, B. Branstetter,
M. M. HossainJ. Org. Chem2004 69, 7599.

87p. Levesque, P.-A. Fournier, Org. Chem201Q 75, 7033.

8 a) R. F. Heck)J. Am. Chem. S0d968 90, 5518. b) For an early review, see: R. F. H&dig. React.
1982 27, 345.

8 For the use oHecktype reactions in the synthesis of 7-azaindoles;s. Lachance, M. April, M. A.
Joly, Synthesi2005 2571.

% a) N. Miyaura, A. Suzuki). Chem. SocChem. Commuril979 866. b) For an early review, see: A.
Suzuki,Pure Appl. Cheml985 57, 1749.

L For the use o8uzukitype reactions in the synthesis of 7-azaindoles;\é. Kumar, J. A. Dority, E. R.
Bacon, B. Singh, G. Y. Leshel, Org. Chem1992 57, 6995.

2 3) D. Milstein, J. K. StilleJ. Am. Chem. Sod.978 100, 3636. b) For an early review, see: T. N.
Mitchell, J. Organomet. Chem 986 304, 1.

% For the use oStilletype reactions in the synthesis of 7-azaindoles; §. Sakamoto, C. Satoh, Y.
Kondo, H. Yamanakdjeterocycled 992 34, 2379.

% C. E. Castro, E. J. Gaughan, D. C. OwsleyQrg. Chem1966 31, 4071.

% a)R. C. Larock, E. K. Yum)J. Am. Chem. S0d.991, 113 6689.b) R. C. Larock, E. K. Yum, M. D.
Refvik, J. Org. Chem1998 63, 7652. c) G. R. Humphrey, J. T. Kuet@hem. Rev2006 106, 2875.

25



A. INTRODUCTION

Applying the Castrosequenc¥ for the construction of 7-azaindoles, the firstpst
involves aSonogashiracross-coupling of anortho-aminohalopyridine with a terminal
alkyne. Thereby, the aminopyridine may either beratected or substituted with
different groups such atert-butyloxycarbonyl(Boc)-, tosylate(Ts)- or alkyl-m&es.
The thus-obtained alkynyl pyridine is then subjdcte a cyclization reaction mainly
performed under Cu(l)-catalysis or base-promotieor. example, the group ¢fumar
reported the&sonogashiracoupling of a polyfunctional iodopyridine with TM&etylene
followed by Cu-catalyzed cyclization of the thudgaibed alkyne to a 7-azaindole
scaffold (Scheme 23Y. The low vield is attributed to the loss of the TAg8up either

during the reaction or during the aqueous work-up.
=—SiMe;

(1.5 equiv) Z
Pd(PPh3),Cl, (1 mol%)

X Z
Cul (1 mol%) | N Cul (1 mol%g

Me” "N” ONH,  EtN/THF (6:1) Me” “N” >NH, DMF, 160 °C
25°C, 18 h 6h
96% 40%

SiMe
| _ s

Scheme 23Cul-catalyzed synthesis of a 7-azaindole.

An improvement of this Cu(l)-catalyzed ring closimgaction was achieved by
Pearsondeveloping a route alternative to tRebisofi® approach for the synthesis of 5-
amino-7-azaindolé® Thereby, ring closure was achieved under microwianagliation
(Scheme 24).

=——SiMe,
(1.5 equiv) SiM
o | Pd(PPhy),Cl@mol%) A
2 |\ Cul (2 mol%) 2 I\
N” “NH, Et,N/THF/DMA N” NH,
25°C, 16 h 93%
Cul (20 mol%)
NMP, MWI
190 °C, 0.5 h
H,N
N H,, PUC
N/ ” | Z N
N"H

75% over 2 steps

Scheme 24Cu(l)-catalyzedsynthesis of a 7-azaindole under microwave irradiati

% a) K. Sonogashira, Y. Thoda, N. HagihaFatrahedron Lett1975 4467. b) F. Monnier, F. Turtaut, L.
Duroure, M. Taillefer,Org. Lett.2008 10, 3203. c) C. He, J. Ke, H. Xu, A. LéAngew. Chem. Int. Ed.
2013 52, 1527.

7\, Kumar, J. A. Dority, E. R. Bacon, B. Singh, G. Mesher,J. Org. Chem1992 57, 6995.

% M. M. Robison, B. L. Robison, F. P. Butlér, Am. Chem. Sot959 81, 743.

%3, E. Pearson, S. Nand@ynthesis2005 2503.
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However, the examples shown above clearly indi¢htg ring closing reactions
achieved with Cu-catalysts usually require ratharsh conditions. Another, milder
protocol for the cyclization would therefore be Hlig desirable. To this end, base-
promotion displays a valuable alternative, whicls hecently been proven l§nochel
and co-workers employing bases like potassium Odgdaind cesiuntert-butoxide inN-
methylpyrrolidin-2-one (NMP) to smoothly convert alkyne-substituted aminopyridine

to the appropriate 7-azaindole derivative 72% y{8cheme 25)%°

gz M
Me = e
N KH (1.3-1.7 equiv) B
| _ L ~ N
N” NH, NMP, 25 °C N"N

3-12h
72%

Scheme 25Potassium hydride-promoted synthesis of a 7-azééndo

More recently,Riether and co-workers described the mild cyclization MBoc-
protected alkynylated pyridines mediated by 1,&almcycloundec-7-ene (DBU) for the
synthesis of unprotected 7-azaindoles (SchemeNggeworthy, the Boc-protection was
crucial in this reaction sequence, since unproteemminopyridines did not yield the
desired fused heterocycles under these conditions.

P nPr
/
. A

| A DBU (5 equiv) mnpr

= - i~ N/ S~
N7 >NH MeOH/H,0 (3:1) NN

Py 65-85 °C
(@) OtBu 62%

Scheme 26Synthesis of a 7-azaindolé DBU-promotion.

Another modification of the method involving terralnalkynes was achieved by
Knight describing the construction of a 2-substitutedod®si7-azaindolevia an
iodocyclization process employing a tosylate-pri@eécalkyne to furnish a 3-iodinated

heterocycle (Scheme 2%

Ph
= I, (3.0 equiv) A

| N K,COj (3.0 equiv) | S pn

N”NH MeCN, 0-20 °C, 24 h NT N
Ts Ts

Scheme 27Synthesis of a 7-azaindoké iodocylization.

190 ¢, Koradin, W. Dohle, A. L. Rodriguez, B. Schmitl, Knochel Tetrahedror2003 59, 1571.
191 M, Amjad, D. W. KnightTetrahdron Lett2004 45, 539.
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The Larock indole” synthesis, involving the palladium-catalyzed aatiogh of
terminal alkynes (see Scheme 22), is one of thet nmakiable pathways for the
construction of indoles and has found applicationghe synthesis of 7-azaindoles, as
well. If the alkyne substitutents are adequatefiedent, these reactions usually proceed
with high regioselectivities having the bulkiesbgp ending up in the C2-position of the
(aza)indole coré’

Already in 1998,Yum et al.described the smooth construction of 2,3-substitut-
azaindoles by reaction of N1-protected pyridinethiternal alkynes (Scheme 28%.In
this context, they discovered that 1) the additadnLiCl dramatically increases the
yields, and 2) the presence and the nature ofrtiteging group attached to the N1-atom
is crucial for a successful conversion. Thus, thseace of substituents on N1 or
protecting groups such as acetyl-, pivaloyl- and-Bwieties led either to no reaction at
all or to very low yields of cyclized product, whibrotective groups such as alkyl or
benzyl substituents guaranteed good restts.

R'——R?
(3.0 equiv)

Pd(OAc), (5 mol%)
LiCl (1.0 equiv)

R1
|
N KOAc (2.0 equiv) B \J\\,Rz
| > .
N~ N
R

N™ “NH DMF, 100 °C
R 6-24 h

45-88%

R = Me, Bn, 4-MeOCgH,CH,
R" = CH,OH, (CH,),0H, Ph, nPr, Me; R2 = SiMe;, nPr, tBu, Ph

R'<R?
OH N
N \ (\/E\C&M%
| N—siMe,
b
N N
M OMe
74% 81% 80%

Scheme 28: Syntheses of 7-azaindolegia Larock heteroannulation of NZ1-protected
aminopyridines.

A progress in this field could be achievedWjjainwalla and co-workers managing to
use unprotectedrtho-aminoiodopyridines in the presence of Pd(dppf)@ppf =
(diphenylphosphino)ferrocene) to prepare 2,3,54#uwibsd 7-azaindoles by.arock

heteroannulation with internal alkynes (Scheme'29).

1925 Park, J.-K. Choi, E. K. Yum, D.-C. Heetrahedron Lett1998 39, 627.
193 Ujjainwalla, D. WarnerTetrahedron Lett1998 39, 5355.
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RI——R?
(3.0 equiv)
Pd(dppf)Cl, (5 mol%) R
LiCl (1.0 equiv) R .
R | - AN
X Na,COj3 (2.0 equiv) 'N_R2
| _ > | P R
N” > NH, DMF, 100 °C N" N
15h
5-77%

R =H, Me, CO,Me, CI, CF3

R' = (CH,),OH; R? = SiEtz, H

R'<R2

OH OH OH
Me MeO,C Me
X 2 X X
| N—siEt | N—siEt, | N—siEt,
AN 3 A\ Z~N

N" R N"H N"H
67% 47% 71%

Scheme 29Syntheses of 7-azaindoleis Larocksynthesis of N1-uprotected amino pyridines.

Organolithium-based strategies display anotherulisefanometallic approach to 7-
azaindoles. Thus, in 20080llumand co-workers reported the successful synthesis of
7-azaindolevia the Chichibabin cyclization starting from 2-fluoro-3-picoline (Saime
30; A).1** Similarly, when 3-picoline, bearing no fluorinebstitutent in the 2-position, is
treated with lithiumN,N-diisopropylamide (LDAJ® and reacted with a nitrile, the
corresponding 2-substituted 7-azaindole was obdaeféer oxidation during work-up
(Scheme 30B).1°°

®

Me
Me F X
A LDA A A Ph-CN N
| P> ° | — ~ _NLi c | N/ ,‘/‘N
N“NF  THF,40°C,1h N F N

80%

1) LDA (1-7 equiv) 1) LDA (1.7 equiv)
B Me " THF,0°c,05h B Phi “40°can m
P 2) R-CN (1.0 equiv) 2 NLi NG H

2) air oxidation N
N 0°C,1-15h N

90%

Scheme 30:0Organolithium-based strategies for the syntheseg-afaindoles starting from 3-
picolines.

1%y Ma, S. Breslin, I. Keresztes, E. Lobkovsky,B.Collum,J. Org. Chem2008 73, 9610.

1053) M. Hammell, R. Levine]. Org. Chem195Q 15, 162. b) For a recent review, see: D. B. CollumJA
McNeil, A. RamirezAngew. Chem. Int. E@007, 46, 3002.

%M. L. Davis, B. J. Wakefield, J. A. Wardelgtrahedronl992 48, 939.
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Furthermore, these heterocycles are also availaplithiation of Boc-protected 2-
aminopicoline and subsequent quenching with arhgtiie to afford a 2-arylated and N1-
unprotected 7-azaindole after cyclization (Schetied3.°” When the 3-methyl group of
such Boc-protected aminopyridines was modified eitier substituents, treatment with
nBuLi*® and subsequent trapping with DMF &Weinreb amides furnished 2,3-
substituted 7-azaindoles (Scheme BL!%°

@ SE\ 1) NaH, DMF
HO. I 25°C, 10 min
~Me 2) T£,0, 120 °C
EI tBuLi N 3h NS
N”NH s L L AT\
0% ot
! O)\OtBu
82% 64%

N
SO ey (g .
, o , . \
N/ " . N/ N OH 5.5 M HCI | \\ Ph
PN 2) O)‘\ OtBu 50 °C, 40 min 7N

Ph N(Me)OMe 82%
(1.2 equiv)

Scheme 310rganolithium-based strategies for the synthes@sazaindoles.

A lithiation-based approach to 7-azaindoles cosldvall be accomplished involving
2,6-dichloropyridine demonstrated Bghirok(Scheme 32)*°

(0]
1) LDA (1.1 equiv) |1\/Ie AcOH/H,SO,
| X THF, -78 °C, 2 h | X Ph reflux, 0.5 h
c” N e 2 z

ji (1.5 equiv)

Me” “Ph 1%
-
clI” >NT N (2.0 equiv) N (2.0 equiv) N
- -
1-butanol | ~ CH,CI, | ~
110°C, 72 h Cl N Cl 25°C. 20 h Cl N Cl
84% 73% 98%

Scheme 320rganolithium-based strategy for the synthesis baaaindole.

107 3. Parcerisa, M. Romero, M. D. Pujbktrahedror2008 64, 500.

% H. Gilman, R. L. Bebh). Am. Chem. So939 61, 109.

199D Hands, B. Bishop, M. Cameron, J. S. Edwards, Cottrell, S. H. B. WrightSynthesid4996 877.
101 Schirok,Synlett2005 1255.
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4.2.2SYNTHESES OF -AZAINDOLESSTARTING FROMPYRROLEDERIVATIVES

Besides the more common approach to use substifoyeidine derivatives to
construct the pyrrole ring, few examples are reggbfor the formation of 7-azaindoles
through pyrrole precursors. Nevertheless, the gaiupunydescribed the synthesis of 7-
azaindole derivatives by reduction of methyl 5aptyrrole-2-carboxylate and

subsequent reaction with dicarbonyl derivativehéBoe 33)3¢111

1) H, (1 atm), Pd, MeOH
2) 0 O

1 3
R R R

R1
2 .
N R? j%\’fyco Me
- 2
O:N ” COzMe AcOH, pyrrolidine R3 N7 ”

Me
X X
| N—co,Me | N—co,Me
~ ~
N N~ N
H H

Me~ N

83% 31%

Scheme 33Syntheses of 7-azaindoles starting from a nitrapgrr

Furthermore, in 2012aroshenkoreported the three-component synthesis of several
polyfunctionalized 7-azaindoles (Scheme 34).

R"  ¢N

CN
CN EtOH, reflux6 h  ~
F1_CHO +Xj .\ ﬂ or > ) _bbat2equiv) N\
y HNTON NH,OAc (6 equiv) - N "!2 MeCN, 25 °C, 4h - N
R2  AcOH, reflux, 6 h R R?
Me
Cl
CN
0 CN NC N
CN B | A\
BB z
Me Z~N H,N" N N
N
Mé
tBu ﬂOMe O
67% 63%

Scheme 34Syntheses of 7-azaindoles starting from an amimofgyr

113, Wu, X. Xing, G. D. CunyLett. Org. Chem2009 6, 203.
12 M. Vilches-Herrera, |. Knepper, N. de Souza, AlliNger, V. Y. Sosnovskikh, V. O. laroshenkdCS
Comb. Sci2012 14, 434.
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Thereby, the formation of the azaindole core inedlvthe Knoevenagelreaction
between different benzaldehydes and activated reethy compounds (X-CHY)
followed by Michael addition of an amino pyrrole the Knoevenageadduct to furnish
dihydroazaindoles which were subsequently oxiditeading to the corresponding

polysubstituted heteroaromatics (Scheme'%4).

4.3REACTIONS OF/-AZAINDOLES

4.3.1FUNCTIONALIZATION OFPOSITIONG OF THE 7-AZAINDOLE SCAFFOLD

Most methods applied for C6-functionalization o€ th-azaindole scaffold involved
the use ofN-oxides, which were usually obtained upon treatmainthe azaindole
derivatives withmetachloroperoxybenzoic acitmCPBA)}** TheseN-oxide derivatives

were then reacted, for example, with aryl bromideder Pd-catalysis to afford the 6-

L
Br

arylatedN-oxides (Scheme 35).

(1.0 equiv)
Pd(OAc), (5 mol%) X

N\ DavePhos (15 mol%) | N

|, > ﬁ/ N

N~ N Cs,CO3 (2.0 equiv) 56 H

0o pivalic acid (0.3 equiv) R
toluene, 110 °C
B B B
NN N N” N
0o o M oo
MeO,C Me 0o FsC
53% 87% 65%

Scheme 35C6-functionalization starting from-oxides.

In 2008, StorZ'* described an even more elegant approach to 6iwubdt 7-
azaindoles involvingN-oxide compounds and thus, greatly improved a presty
described procedure for the C6-functionalization ©fazaindoles developed by
Ohshira*® Thereby, an N-oxide derivative was smoothly transformed to the
corresponding O-methyl compound by treatment with dimethyl sulfavathout
methylation occurring on the pyrrole nitrogen or ©8 of theN-oxide salt. Thes®-

methyl compounds reacted with various nucleophilean addition-elimination process

13 ¢, Pillard, C. E. Basséne, F. Suzenet, G. GuilkeuSynthesi€008 2049.
147 Storz, M. D. Bartberger, S. Sukits, C. Wilde Sbukup Synthesi2008 201.
1153 Minakata, M. Komatsu, Y. OhshirBynthesid4992 661.
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under the appropriate conditions to furnish a waege of 6-functionalized 7-azaindoles

(Scheme 36)**

“ (Me0),SO0, “
| A\ (1.1-1.2 equiv) | A\
®/ N - @_

NN nBuOAc, 80 °C NN
(0]S) or OMe
MeCN, 60 °C
8-12h

N~
NaOMe /
MeOH, 60 °C I\ (0.6 equiv)
16 h K2CO3 (1.0 equiv)

\
/

IZ/

MeO N

65%
over 2 steps

KCN (3.0 equiv) m
NHC  NCZON

N
50°C, 16 h

Iz _

76%
over 2 steps

\

N- N
NNH

<)

80%
over 2 steps

Scheme 36C6-functionalization starting from-O-methyl derivatives.

Noteworthy, the thus-obtained 6-cyano-7-azaindaeldyed a valuable intermediate

for further modifications, and its treatment witthN®gBr in THF furnished the

corresponding ketone (Scheme %%7).

PhMgBr (6.0 equiv)
TMSCI (2.0 equiv)

X
=

D

NC™ 'N

Iz

THF,25°C,15h

Iz _

N

84%

Scheme 37C6-functionalization starting from 6-cyano-7-azailed

4.3.2FUNCTIONALIZATION OFPOSITION4 OF THE 7-AZAINDOLE SCAFFOLD

The C4-functionalization of the 7-azaindole corehsllenging and most approaches

make use of the aforementioned azainddlexide derivatives, which proved to be quite

useful for functionalization of position 6, as welh this context,Thibault and co-

workers subjected 7-azaindoMdoxide to chlorination and bromination to furnidiet

appropriate 4-halo derivatives (Scheme 38).

Cl
N\ Mes0,Cl20equ) | SN

| \ " DMF,70°C 1}1/ N
N" H 00

86%

(MeS0,), (2.0 equiv) Br
Me,4NBr (1.5 equiv) - \
DMF,25°C,4h \
H

54%

Scheme 38C4-functionalization starting from7-azainddeoxide.

18 C. Thibault, A. L'Heureux, R. S. Bhide, R. Ruékg. Lett.2003 5, 5023.
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The thus-otbained heterocycles display useful satest for further modifications. The

chloro derivative (Scheme 38) readily reacted wathinesvia Buchwaldtype Pd-

catalyzed aminations to give the corresponding tarheterocycle$'®**’ Moreover, 4-

chloro-7-azaindole was treated with Zn(GNp the presence of Rdba) to afford a

nitrile which was subsequently reduced with LiAltd afford an aminomethyl azaindole

(Scheme 39)*®

HoN Z
/@ PhNH, (3.0 equiv) (3.0 equiv)
HN Pd,(dba); (2 mol%) ol Pd(OAC), (2 mol%) HN N
XantPhos (4 mol%) (o-biphenyl)PCy; (4 mol%)
| NN NaOtBu (2.8 equiv) | N NaOtBu (2.8 equiv) | N
NZ N dioxane, 100 °C, 16 h NN dioxane, 100°C, 16h N7 N
H H H
57% 76%

Zn (9 mol%)
Zn(CN), (0.6 equiv)
Pd,(dba); (2 mol)
dppf (3 mol%)
DMA, 120 °C, 2 h

CN 2
LiAIH, (2.0 equiv)
| N - > | N
Ay THF, 40°C, 1 h A<y
N" H N" H
70% 74%

Scheme 39C4-functionalization starting from 4-chloro-7-azddre.

N1-Protection of the previously obtained 4-bromanpound (Scheme 38) with a
TIPS-group (TIPS = tisopropylsilyl) and subsequent Br/Li exchange ustBgLi'*®
produced the fluoro azaindole after reaction wifluorobenzenesulfinimide (NFSI)
(Scheme 403 Noteworthy, this derivative displays a useful stéte for further
functionalizations in position 5, which will be disssed in the next chapter (4.3.3). Also
without previous N1-protection, the bromo derivativas subjected to a Br/Li exchange
using MeLi andtBuLi to afford an alcohol (Scheme 485 Furthermore, 4-bromo-7-
azaindole displays a suitable electrophile fawzuki cross-couplings affording the

appropriate 4-arylated azaindole in quantitativd/{Scheme 40%°

1173, Guillard, M. Decrop, N. Gallay, C. Espanel Boissier, O. Herault, M.-C. Viaud-MassuaBiporg.
Med. Chem. LetR007, 17, 1934.

18 . Wang, B. Zhi, J. Baum, Y. Chen, R. Crockett, Huang, S. Eisenberg, J. Ng, R. Larsen, M.
Martinelli, P. Reider,). Org. Chem2006 71, 4021.

9p_D. Bartlett, C. Gardner Swain, R. B. WoodwatdAm. Chem. Sdk941 63, 3229.

20T Wang, J. P. Duffy, J. Wang, S. Halas, F. Git@al, A. C. Pierce, H. J. Zuccola, J. R. BlackKJ.
Hogan, S. Jepson, D. Shlyakter, S. Mahajan, Y.TGuoock, M. Wood, B. F. Furey, J. D. Frantz, L. M.
Dauffenbach, U. A. Germann, B. Fan, M. NamchuklYBennani, M. W. Ledeboed, Med. Chem2009

52, 7938.
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Br F
NaH (1.1 equiv) N\ tBuLi (2.0 equiv) N\
TIPSCI (1.0 equiv) || _ \ NFSI(1.0equiv) || _ )
> N > N
THF,70°C, 3 h Tips  THF,-78°C, 45 min TIPS
99% 84%
1) MeLi (1.0 equiv) HO
Br -78 °C, 20 min
2) tBuLi (2.0 equiv)
| N -78 °C, 15 min > T
NZ N 3) PhCHO (5.0 equiv) N” N
H THF, -78 to 25 °C H
16 h 73%
; “B(OH),
NHAc NHAc
(1.1 equiv) - N \
Pd(PPhy), (5 mol%) |
Na,COs NT N
DME, 128 °C

99%

Scheme 40C4-functionalization starting from 4-bromo-7-azaited

In 2012, Snieckuselegantly demonstratederi(C4)-lithiation of 3-amido and 3-
sulfonamido 7-azaindoles for the synthesis of wai8,4-disubstituted 7-azaindof&s.
Thereby, the appropriate amido- and sulfonamidaexjgsoat C3 served as directed
metalation group (DMG) to enable directadho-metalation (DM)?° using a mixture of
sBuLi'®® and N,N,N’,N-tetramethylethane-1,2-diamine (TMEDA). Remarkably
metalation occured regioselectively in positionndtead of C2 due to the unprotected

amine function of the 7-azaindole which leads t@aionic shielding effect (Schem4).

1) sBULITMEDA (2.5 equiv) E
DMG THF, inverse addition DMG
B -78 °C, 0.5 h, then X
B -40 °C. 10 min DR
— -
N N + o - N N
H 2)E*, -78°C H
15-95%

DMG = CONEt,, SO,NEt,

Et,N__O
CONEt, CHO CcONEt, SOzNEtg Bpin SOZNEtz SO,NEt,
f\r\g A \ SN \ N
/ ~
N N N
N N

H H
94% 94% 85% 73% 15%

Scheme 41C4-functionalization starting from 3-substitute@irlolesvia peri(C4)-metalation.

121, Schneider, E. David, A. A. Toutov, V. Snieckdsgew. Chem. Int. E@012 51, 2722.
224 Gilman, F. W. Moore, O. Baing, Am. Chem. So&941, 63, 2479.
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4.3.3FUNCTIONALIZATION OFPOSITIONS OF THE 7-AZAINDOLE SCAFFOLD

So far, the functionalization of position 5 in tleazaindole skeleton has not been
straightforward and only a few procedures are knowrthis context, 5-brominated 7-
azaindole displays a useful precursor and may sathier as nucleophile or electrophile
in subsequent organometallic protocols. Thus, Beftéhange using MeLi anBuLi'*®
and reaction with benzaldehyde afforded the appatralcohof*® Furthermore, 5-
bromo-7-azaindole was smoothly converted to an armynPd-catalyzed amination using

the catalytic systemsR_3(P; = precatalyst; .= BrettPhos; Scheme 4%y

1) MeLi (1.0 equiv)
-78 °C, 20 min
2) tBuLi (2.0 equiv)
-78 °C, 15 min
3) PhCHO (5.0 equiv) ~ HO N\
THF,-781025°C Z~N
16 h H

Br
D
“N
H

N
P NH,
P3-L3 (1 mol%) al
LIHMDS (24 equiv) - HN -~ Pd’
- | A\ |
HaN N Ly
N” "OMe 75% L = BrettPhos

(1.2 equiv)
THF, 65°C, 4 h

Scheme 42C5-functionalization starting from 5-bromo-7-azaited

Also, previously mentioned 4-fluoro (Scheme 39) dnchloro-7-azaindoles (Scheme

40) gave way to C5-functionalization by means séctiedortho-metalatior® (Scheme

43) 1%
X X
. . E
A\ 1) sBuLi (2.2 equiv) A\
| THF, -78 °C,0.5h__ |
N - N
T T

N + oo N
ps DELT8C PS

X=Cl, F

Cl Cl Cl F
HO H,N (HO),B F MeO,C
T

-n

\ \ N \ \
IPS TIPS TIPS TIPS TIPS
65% 66% 47% 70% 87%

Scheme 43C5-functionalization from 4-halo azaindohla directedortho-metalation.

1233, L. Henderson, S. M. McDermott, S. L. Buchwadg. Lett.201Q 12, 4438.
124 A L'Heureux, C. Thibault, R. RueTetrahedron Lett2004 2317.
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To this end,L’Heureux and co-workers have described the direastio-lithiation
usingsBuLi'?? at -78 °C to afford the corresponding 4,5-disubil 7-azaindoles after
reaction with electrophiles (Scheme 4%)Noteworthy, the chloride substitutent may be
selectively removed in the presence of zinc in mahiacetic acid to produce a mono-

functionalized 7-azaindole (Scheme 44).

cl H
HO . HO
| X N Zn (25 equiv) - m
N7 N EtOH/AcOH N” N
TIPS 25°C,18h TIPS

49%

Scheme 44Dechlorination using zinc.

Another approach for the C5-functionalization, atkescribed by.’Heureux et al.
employed 4,6-dichloro-7-azaindole, readily obtaim@d8% yield by chlorination of 4-
chloro-7-azaindoléN-oxide using methanesulfonyl chloride. The thusppred azaindole
was protected and subsequently treated @BiliLi to give an azide after reaction with
tosylazide. Reduction to the amine afforded the-64tBsubstituted 7-azaindole

quantitatively (Scheme 45).

A N ) 1) NaH (1.0 equiv) X
| @ \ MeSO,CI (1.5 equiv) | A \\ 2) TIPSCI (1.0 equiv) | N
> =
N H DMF, 80 °C, 3 h cI” >N N DMF,80°C,3h  CI7 N~ N
00 H TIPS
58% 76%
cl H, (1 atm) cl
HoN 2(1am N 1) sBuLi (2.2 equiv)
2 m Pd/C (10 mol%) ° N THF, -78 °C, 0.5 h
- -€
cI” NN EtOAc, 25 °C cI” NN 2) tosylazide (1.7 equiv)
Ti,s  1h TIPS -78°C
>99% 46%

Scheme 45C5-functionalization from a dichlorinated azaindoia metalation.

The aforementioned method for the regioselecipesi(C4)-metalation of the 7-
azaindole skeleton reported Byieckus et ahlsoproved to afford useful precursors for
a subsequent substitution in positior®5Thus, when 3,4-substituted azaindole was
treated withsBuLi/TMEDA (2.3 equiv), subsequent trapping witeerophiles furnished
3,4,5-trisubstituted azaindoles in good yields ol 46).
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Et_;N__O Etz:N.___O SO.NE
SO,NEt
2%52 ) SBULITMEDA 2.3 equiv)  E 22
| N\ THF, -78°C, 1h _ | N
“ 2) E*, -78°C “N
N H ) NT N
40-80%
Et,N__O Et,N__O Et,N__O
SO,NEt, SO,NEt, SO,NEt,
| MesSi OHC
X X X
B N\ PH » N\
N" Ol N" Ol N" Ol
70% 80% 40%

Scheme 46C5-functionalization from an amido azaindwela directedortho-metalation.

4.3.4FUNCTIONALIZATION OFPOSITION3 OF THE 7-AZAINDOLE SCAFFOLD
Compared to indole, the relative nucleophilicity7ehzaindole is decreased, probably
due to the electron-deficient pyridine ring. Thitf leads to a kind of inertness of the
C3-position when it comes to reactions with elqaiites’** Hence, it was tried to
overcome these problems by either functionalizimg €3-position simultaneously with
the construction of the 7-azaindole core, by insiren the nucleophilicity of the
azaindole or by activating the electrophile towardsleophilic attack.
ClassicalVilsmeier-Haackformylation reactions proved to be difficult whapplied
to the 7-azaindole core and often resulted in ambglest yields. Hence, the reaction of 5-
bromo-7-azaindole with POgIin DMF afforded the 3-formylated heterocycle inlyon
35% vyield (Scheme 4%).1%

®

cl CHO
TN . Cl
| N POCl; (2.0 equiv) | S\
N" R DMF, 60 °C, 3 h NTTN

N

Me,N-HCI (2.0 equiv) NMe, CHO
S\ (CHO), - N HMTA 3.0 equiv) S\
m nBuOH, 120 °C, 0.5 h » EtCO,H, 2 h, 150 °C »
N N~ N NZ N

Scheme 47C3-formylation of azaindoles.

125 R. Nirogi, A. Shinde, A. Daulatabad, R. Kambhamp#. Gudla, M. Shaik, M. Gampa, S.
Balasubramaniam, P. Gangadasari, V. Reballi, RaBge, K. Bojja, R. Subramanian, G. Bhyrapuneni, N.
Muddana, P. Jayarajah, Med. Chem2012 55, 9255.
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Noteworthy, such formyl groups may as well be idtroced in an indirect pathway.
Already in 1955Robison et aldescribed thélannichreaction of 7-azaindole to afford
an aza-gramine derivative in 81% yield which weected with hexamethylenetetramine
(HMTA) in acidic media to furnish the 3-formyl-7-@indole in 55% vyield (Scheme 47;
B)'126

Especially acylation reactions in the 3-positioraaiindoles remain challenging due
to the decreased nucleophilic character of azagsdoFor example, while there are
numerous literature procedures for the reactioimadles with oxalyl chloride (mostly in
Et,O at 0 °C, 1 h) providing the 3-acylated indoles>80% yield*?’ reported examples
for the corresponding reaction of 7-azaindoles witalyl chloride are rather scart®.
As mentioned before, the outcome of such reactioay be improved either by
enhancement of the nucleophilicity of the 7-azaladw by activation of the electrophile.
One example for upgrading the nucleophilicity o thzaindole is described in the
reaction of 7-azaindole with EtMgBr to furnish a gnasium intermediate which was
further reacted with methyl 2-chloro-2-oxoacetategive the appropriate ester in a
moderate yield of 24% (Scheme 48).

1) EtMgBr (1.2 equiv) o ©
Et,0, 65 °C, 1 h
m 2) CIC(0)CO,Me (2.5 equiv) A OMe
| ° >
— -40t00°C,1h —~
N ’ N
N"N N" N

24%

‘ 76% T

1) AICl5 (5 equiv)
CH,Cly, 25°C, 1 h

2) CIC(0)CO,Me (2.5 equiv)
25°C, 8h

Scheme 48C3-acylation of 7-azaindole.

In contrastWangreported the synthesis of this ester in 76% \igldhe use of AlIG
in a Friedel-Craftstype acylation of 7-azaindole with methyl 2-chl&axoacetate and
thus, showed a successful example for the activatioelectrophiles (Scheme 48§5.

Noteworthy, a minimum of 3 equivalents of Af{Glas required, since 2 equivalents are

M. M. Robison, B. L. Robisor). Am. Chem. Sot955 77, 457.

127 For an example for the reaction of indole and gbethloride, see: X. Guinchard, Y. Vallée, J.-N.ri

J. Org. Chem2007, 9, 3761.

1287 Wang, O. B. Wallace, Z. Zhongzing, N. A. Meaiiné A. Bender, US 2011/0119982)02

1294 -C. Zhang, G.-H. Kuo, B. E. Maryanoff, H. Ye, D!Neill, L. Shen, K. Demarest, B. Conway, D. F.
McComsey, WO 03/095452003

%0 7. Zhang, Z. Yang, H. Wong, J. Zhu, N. A. MeanwéllF. Kadow, T. Wang). Org. Chem2002 67,
6226.
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coordinated by the N1- and the N7-atom of the 7ralzde core and thus, the third
equivalent is necessary to form the active ate-¢expith the acyl chloridé®

In comparison to the first approach enhancing thdeophilic power of 7-azaindole,
activation of the electrophile using Lewis Acidsckuas AIC} proved to be a more
suitable strategy for guaranteeing proper acylateactions in the C3-position, which
was successfully applied to the synthesis of ofacylated heterocycles (Scheme
49) 131132 |nstead of AIC, also the Lewis Acid Sngkould be applied for thEriedel-

Craftsacylation of 7-azaindole (Scheme 49).

1) AICl3
CH,Cl,, 25 °C 0
2) BrC(O)CH,Br Br
50 °C, 40 min AS
> | N
Z>N
N H
80%
0
1) AICI; (3.5 equiv) CCls
m 2) CIC(O)CCl3 (1.0 equiv) S
| 5 =
~ 25°C,6h P
N ' N
N N" 3
77%
1) SnCl, (1.7 equiv) o
benzene, 25 °C, 15 min Me
2) MeCOCI (1.7 equiv) N
0°C, 15 min _ | N
= ~
3) solvent evap. N H

4) SnCl, (1.7 equiv)
5) MeCOCI (1.7 equiv)
THF, 25°C, 3 d

45%

Scheme 49Further C3-acylation reactions of 7-azaindole.

Despite the low nucleophilicity of the 7-azaindslkeleton, there are some literature
reports describing the reaction of N1-unprotectedzdindoles with aldehydes and
ketones producing the corresponding 3-substitutivatives in good yields (Scheme
50) 134,135

131p_Diana, A. Carbone, P. Barraja, A. MontalbanoP8rino, A. Lopergolo, A. Pennati, N. Zaffaro@i,
Cirrincione,ChemMedCherf011, 6, 1300.

132 E. Lind (Sunsesis Pharmaceuticals; Biogen ldeg, WO 2008/0054572008

33p M. Fresneda, P. Molina, J. A. Bledatrahedror2001, 57, 2355.

134G, C. Visor, P. N. Ibrahim, W. Spevak, H. ChoS8i, G. Wu, WO 2010/12957201Q

135M. Bandini, R. SinisiOrg. Lett.2009 11, 2093.
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OHC” i “NO HO

2

MeO (20 equiv) MeO
© m KOH (2.0 equiv) _ © | S\ NO,
NZ N dioxane 50 °C, 0.5 h N~ N
H H
78%
0
Ph
Ph)J\CFs HOJ ¢k,
(0.9 equiv)
X X
m (Me,N),C=NBu (5 mol%)_ | N
~ - ~
NN H,0, 25 °C, 16 h N" N

96%

Scheme 50C3-functionalization of azaindolesa reaction with aldehydes and ketones.

One of the most important reactions for the C3-fiumalization of 7-azaindoles
probably consists in the halogenation affordingioes brominated and iodinated
azaindoles. Thereby, common strategies for the ioration of these heterocycles mostly
involve neat bromine in solvents such as Cff¢and DMPE*" andN-bromosuccinimide
(NBS) in CHCB,**® THF"*® and DMF**? C3-iodination is usually achieved by reaction of
these heterocycles with KOH ang't! N-iodosuccinimide (NISY° or ICI.**

The thus-prepared halogenated substrates may #mwe as electrophiles in, for
example Suzukicross-couplings with various boronic acids givaugess to a variety of

3-functionalized azaindoles (Scheme 5%

130 F salituro (Vertex Pharmaceuticals Incorporatéd) 2005/09540(2005

137G, J. Tanoury (Vertex Pharmaceuticals IncorpojatatD 2013/0066342013

138 5, Bahceci (Exelixis Inc.), WO 210/0031281Q

139 A Florjancic, Y. Tong, T. Penning, WO 2011/00892611

10T Ishiyama (Nippon Steel Chemical Co., Ltd.), \R@12/1244122012

1415 Hamri, J. Rodriguez, J. Basset, G. GuillauiieD. Pujol, Tetrahedror2012 68, 6269.

1923, Gourdain, J. Dairou, C. Denhez, L. C. Bui, BdRgues-Lima, N. Janel, J. M. Delabar, K. Carigu,
H. Dodd,J. Med. Chen2013 56, 9569.

143p. A. Harris, D. Bandyopadhyay, S. B. Berger, Mmpobasso, C. A. Capriotti, J. A. Cox, L. Dare, J.
N. Funger, S. J. Hoffman, K. M. Kahler, R. LehrPJ.Lich, R. Nagilla, R. T. Nolte, M. T. Ouellett€, S.
Pao, M. C. Schaeffer, A. Smallwood, H. H. Sun, B.SAvift, D. Totoritis, P. Ward, R. W. Marquis, J.
Bertin, P. J. GoughACS Med. Chem. Le2013 4, 1238.
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X=1
Ar-B(OH), (1.0 - 1.1 equiv)
K,CO3 (6 equiv)
X Pd(PPhs), (1.5 mol%) Ar
R N toluene/EtOH (3:1) R N
| 110°C, 3.5h ey

N~ N - N~ N

. X=Br .
SO,Ph ) SO,Ph

Ar-B(OH), (2.5 equiv)
X=Br I Ko,CO3 (2.7 equiv)
=H, Br Pd(PPhs), (3 mol%)
THF, MWI, 120 °C, 10 min
OMe OMe OMe
OMe OMe
Br Br Br
B B B B
N“ N N" N N” N N“ N
SO,Ph SO,Ph SO,Ph S0O,Ph
89% 88% >99% 78%
X=1 X=1 X=1 X =Br

Scheme 51C3-functionalization of 3-halogenated azaindaliesSuzukicross-coupling.

Noteworthy, these halogenated compounds may as Wellemployed in a
halogen/lithium exchange usint@uLi to produce stannane derivatives, which display
valuable nucelophiles in subsequent Pd-cataly@&tle cross-coupling reactions to

produce the corresponding 3-substituted azaindSlelseme 523%*

Br SnMes Ar-Br_ (2.00r5.0 gquiv) Ar
N 1) tBuLi (2.0 equiv) N LiCI (3.0 equiv) N
| N THF, -90 °C, 5 min o | A\ Pd(PPh3)4 (20 mol%) | A\
= N = L Pz
N N 2) Me3SnCl (1.1 - 2.1 equiv) N N THF,70°C, 48 h N N‘
PG -90°C, 1 h,then25°C, 1h PG PG
PG = TBDMS, Boc, MEM, Ts
SnMe, SnMe; SnMe,
N/ N\ N/ N N/ N\
TBDMS MEM Ts
99% 56% 50%
N
7N 7N Y
B B B
N” N N” N N" N
MEM Ts Ts
45% 42% 60%

Scheme 52:C3-functionalization of azaindolesa Br/Li exchange anduzukicross-coupling;
TBDMS =tert-butyldimethylsilyl, MEM = methoxyethoxymethyl ethe

14 M. Alvarez, D. Fernandez, J. A. Jouynthesid 999 615.
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4.3.5FUNCTIONALIZATION OFPOSITION2 OF THE 7-AZAINDOLE SCAFFOLD

C2-functionalization of 7-azaindole compounds washieved mostly through
organometallic strategies. For example, C2-arytatibazaindoles with phenyliodides in
the presence of Pd(OAcand AgO furnishes the functionalized heterocycles in good

yields (Scheme 53)°

Ar-l (2.0 equiv)
Pd(OAc), (5 mol%)
Ag,0 (0.75 equiv)

|\ A\ 2-nitrobenzoic acid (1.5 equiv) |\ N Ay

R™ °N DMF, 80 °C R™ °N

71% 58% 64%

Scheme 53C2-functionalization of azaindolesa direct arylation.

Lithiations of N1-protected azaindoles using lithibbases such asuLi,'® LDA®
or TMPLi**® display the most convenient approach to C2-suhett 7-azaindoles.
Mérour and co-workers have described threho-lithiation?® of protected 7-azaindoles
with LDA in the presence or absence of TMEDA to adbtvarious 2-substituted

azaindoles after reaction with electrophiles (Sob&d)*’

1) LDA (2.0 equiv),
(TMEDA (1.0 equiv))

|\ N\ THF, -25 °C, 0.5 h |\ N—g

N \ 2) E* N \
S0,Ph

X X X
| N—Me mSiMe:; mSnMea
N“ N N“ N N“ N

50,Ph S0,Ph S0,Ph

94% 60% 69% 70%

w/o TMEDA w/o TMEDA w/ TMEDA w/ TMEDA

Scheme 54C2-functionalization of azaindolesa ortho-lithiation.

Noteworthy, the aforementioned lithiation strategso gives access to 2-halogenated

7-azaindoles which proved to be suitable electiephfor cross-coupling reactions.

15M. P. Huestis, K. Fagno@rg. Lett.2009 11, 1357.

196 3) C. L. Kissel, B. Rickborn]. Org. Chem1972 37, 2060. b) M. W. Rathke, R. Kow, Am. Chem.
S0c.1972 94, 6854,

“E Desarbre, S. Coudret, C. Meheust, J.-Y. Mérbetrahedron 997, 53, 3637.
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Hence, in 2000Mérour et al.disclosed the synthesis of 2-vinyl-7-azaindolesHuly
cross-couplings of PhS@rotected 2-iodo-7-azaindoles with vinyltributglti(Stille®
coupling) and methyl acrylateHécK® coupling) to furnish the appropriate 2-

functionalized heterocycles (Scheme 5%).
H,C=CH-CO,Me (1.0 equiv)

H,C=CH-SnBus (1.5 equiv) Pd(OAc), (7.5 mol%)
NN’/ Pd(PPhs), (6 mol%) SN PPhs (10 mol%) N/ C0:Me
| | l |
= N -« - - = N - > N
N v LiCl (2.75 equiv) N \ Et3N (1.2 equiv) N \

SO,Ph DMF, 90 °C, 2 h SOPh - pyF 90°C, 3h SOzPh

80% 56%

Scheme 55C2-functionalization of an iodo azaindalia Stille andHeckcross-couplings.

Similarly, Yumand coworkers reported the preparation of 2,3tgubed 7-azaindoles
via Pd-catalyzedStille, Suzukl® and Heck cross-coupling reactions of 2-iodo-3-

functionalized compounds with different nucleopsi{&cheme 567

nucleophile (1.5 equiv)

R Pd(OAc), (5 mol%) R
LiCl (1 equiv)
X : AN
mﬂ KOAC (2 equiv) o N
N7 N DMF, 110 °C, 4 - 36 h N7 N
Bn Bn
R' = H, Me, Ph, different alkyls OAc
Me Ph Ph
X — X AN A O
I~ Cry~Orow (= (L=
NT N N~ N N~ N N” N
Bn Bn Bn Bn
80% 60% 84% 71%

Scheme 56C2-functionalization of iodo azaindole& Stille, SuzukiandHeckcross-couplings.

1488 Joseph, H. Da Costa, J.-Y. Mérour, S. Léofiegrahedror200Q 56, 3189.
%S, M. Chi, J.-K. Choi, E. K. Yum, D. Y. Chletrahedron Lett200Q 41, 919.
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5. OBJECTIVES

7-Azaindoles represent an essential classl-bieterocycles which is drawing more
and more attention with respect to the developnwntnaterials, agrochemicals and
especially new potent therapeutic agents, making easy approach to highly
functionalized azaindoles indispensible. However,date, the majority of synthetic
strategies involving the functionalization of 7-emiles give access to N1-, C2- and C3-
substituted derivatives, while there are only f@apraaches reported offering the general
functionalization of positions 4, 5 and 6. This tfamderlines the challenges both
synthetic ande.g. medicinal chemists have to face in their search gooperly
functionalized 7-azaindole derivatives displayingptgmt therapeutics. Thus, we
envisioned the development of a convenient and rgémeethod for the regioselective
and stepwise full-functionalization of the 7-azale scaffold starting from
commercially available 2-amino-5-bromopyridine. Tihis end, an appropriately
substituted azaindole precursor should be prepahech allows the functionalization of
all five carbon positions of the 7-azaindole skatein a predictable manner (Scheme
57)_150

@ ® @
selective cross-coupling jodination and
sulfoxide/ iodine/magnesium
magnesium / exchange .
exchange \ O Br y ® R® Re
S > A SN N dechlorination R3S 4\ \3 5
| _ e | _ Cl=— and directed <::l 1s| A\ R
N™ "NH H” 'N \ magnesiation R' °N \
? Ol PG 9 7 'pg
selective
directed
metalation

Scheme 57: Full-Functionalization of the 7-azaindole scaffoldarting from 2-amino-5-
bromopyridine; Ar = 4-methoxy-3,5-dimethyl-phenii> = protective group.

Organozinc derivatives have found broad applicationorganic synthesis and are of
key importance for the functionalization @ig. heteroarenes. In this context, a main aim
of this work was the general and convenient praeraf heteroarylmethylzinc reagents
by direct LiCl-promoted zinc insertion into the mesponding chloromethyl heteroarenes.
Thereby, the focus lay also on the development ofa@le synthesis for these
chloromethyl precursors, which should be readilyailable from the appropriate

heteroaryl organometallics. Furthermore, the preghainc reagents should be employed

%0 Thjs project was developed in cooperation witlB&nsiaume-Dagousset.
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in ring closing reactions to furnish a variety ofnalated heterocycles which, among
others, should also give access to an analogue reparted CB1 modifier (Scheme
58) 151

@ [Met] c| _ zLicl @ znciLicl _EY E

[Met] = [Zn], [Mg] / \
OH OH '/ \
X S N
DS
CB1 modifier CB1 modifier analogue

Scheme 58: Preparation of chloromethyl heterocycles, their vesgion to zinc reagents,
subsequent reactions with electrophiles and syistioésinnulated heterocycles.

The direct metalation of (hetero)arenes displaysféinient tool in organic synthesis.
Hence, in the last part of this work, a new metliod the metalation of sensitive
functionalized aromatics and heteroarenes shouttebeloped, employing the use of the
strong amide base TMPLi in the presence of met#d sach as ZnG] MgCl,, CuCN
and LaC} (in situ trapping method) to generate viable Zn-, Mg-, Gund La-

intermediates readily reacting with various eleghites (Schem&9).*>?

1) Zn-, Mg-, La- or Cu-salt
@FG 2) TMPLI - [Met]—;(\\jFG B, el N
X X7 A
X=N,CH [Met] = [Zn], [Mg], [La], [Cu]

FG = functional group

Scheme 59Metalation of (hetero)arenes using TMPLI in theserce of Zn-, Mg-, Cu- and La-
salts, and subsequent functionalization with etgttiles.

151 This project was developed in cooperation withJAWagner (see Ph.D. thesis Andreas Johannes
Wagner, LMU Munich2011), G. A. Monzén Diaz (see: Ph.D. thesis Gabriel #sdvionzén Diaz, LMU
Munich,2012 and E. Sansiaume-Dagousset.

152 This project was developed in cooperation withFAschmuth (see Ph.D. thesis Annette Frischmuth,
LMU Munich, 2014 and M. Fernandez.
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B. RESULTS ANDDISCUSSION

1. SYNTHESIS AND FULL-FUNCTIONALIZATION OF THE 7-AZAINDOLE SCAFFOLD

VIA SELECTIVE METALATION AND SULFOXIDE/MAGNESIUM EXCHANGE

1.1INTRODUCTION

Nowadays, polysubstituted heteroarenes play a wepprtant economic role, since
they find applications in biology, dye industry,raghemistry, material science and
especially in pharmaceuti¢®® As a consequence, a general, convenient and ataptab
approach for designing and functionalizing suchetwtyclic scaffolds is highly
desirable. In general, polysubstituted heterocyckee mainly accessiblevia two
pathways. The first method involves the constructad the heterocyclic core after
certain substituents have already been chosen randigialled. Exemplary for this route
is the synthesis oNifedipiné®® (1; contained in the pharmaceutidalaté®) by a

symmetricHantzschpyridine synthesis (Scheme 60).

MeO,C NO,
2 k + NOo, + NHs MeO,C CO,Me
(@] O/ | |

N
H

1: Nifedipine

Scheme 60SymmetricaHantzschpyridine synthesis dflifedipine.

The necessity to install certain substituents pieathe construction of the heterocycle
results in a drastic limitation referring to theope of available functionalities, since
sensitive moieties have to be taken into consideratvith regard to the reaction

conditions used for the subsequent assembly oh#éterocycle. Moreover, this route

133 3) Heterocylic ChemistrfEd.: T. L. Gilchrist), Longman, Londori998 b) J. F. Miller, A. Termin,
K. Koch, A. D. Piscopio,J. Org. Chem.1998 63, 3158. c) M. Abarbri, F. Dehmel, P. Knochel,
Tetrahedron Lett1999 40, 7449. d)Organolithiums: Selectivity for Synthesis. Tetrahedron Organic
Chemistry SerieqEd.: J. Clayden), Pergamon, Oxfor2l002 e) H. lla, O. Baron, A. J. Wagner,
P. Knochel,Chem. Comm2006 583. f) K. L. Tan, A. Vasudevan, R. G. Bergman,AJ Ellman,
A. J. SouersQrg. Lett. 2003 5, 2131. g) J. P. Wolfe, J. S. Thom&yrr. Org. Chem2005 9, 625.
h) I. V. Seregin, V. GevorgyaGhem. Soc. Re2007, 36, 1173. i) I. J. S. Fairlami¢hem. Soc. Re2007,
36, 1036. j) C. Schmuck, D. RupprecBlynthesi2007, 3095. k) S. J. Hwang, S. H. Cho, S. Chah¢gdm.
Chem. Soc2008 130, 16158. I) R. Ponce Ortiz, J. Casado, V. Herndndek Lopez Navarrete, A.
Letizia, M.A. Ratner, A. Facchetti, T. Marks,Chem. Eur. J.2009 15 5023. m) P. Thansandote,
M. Lautens,Chem. Eur. J.2009 15, 5874. n) F. M. Piller, P. KnocheDrg. Lett. 2009 11, 445.
0) P. Thansandote, C. Gouliaras, M.-O. TurcotteaBhvM. LautensJ. Org. Chem.2009 74, 1791.
p) C. J. O'Connor, M. D. Roydhouse, A. M. Przylw, D. Wall, J. M. Southern]. Org. Chem201Q 75,
2534. q) M. Jeganmohan, P. Knoch&hgew. Chem. Int. EQR01Q 49, 8520. r) F. Miege, C. Meyer,
J. CossyAngew. Chem. Int. E@011, 50, 5932. s) S. Benetti, C. De Risi, G. P. Pollini,Aanirato,Chem.
Rev.2012 112 2129. t) D. C. Behenna, Y. Liu, T. Yurino, J. KiB. E. White, S. C. Virgil, B. M. Stoltz,
Nature Chem2012 4, 130.

4D, Steinhoff, E. GrundmaniNaturwissenschaftet971, 58, 578.
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might turn out to be quite tedious when modifyihg heterocyclic core, as some steps
have to be repeated with varying starting materials

In contrast, the second synthetic pathway to hidihctionalized heterocycles refers
to the successive introduction of certain functlies after the heterocyclic scaffold has
already been constructed. Thus, a higher generadityguaranteed regarding the
introduction of functional groups, and modificatioof the heterocycle is less
complicated. Thereby, organometallic methods siglerass-coupling reactions, direct
metalation and halogen/metal exchange proved toguige suitable, and the full-
functionalization of the pyriding® and the purine scaffofd® for example, has
successfully been realized.

Due to their interesting cytotoxical propertiespasally 7-azaindoles have attracted
lots of attention when it comes to the developn@ntew therapeutic agents’® Also
here, a general and mild approach to poly- or eftdly substituted 7-azaindole
derivatives would be highly advantageous, but hasvgn to be quite difficult up to
now.” Recently,Snieckusdescribed an elegant ring-walk metalation of thezdindole
scaffold starting from2 by iterative lithiation furnishing the fully dresd azaindole

derivative3 (Scheme 61)*

0 o
SO,NEt, OH SOQNEtz Et2 SO,NE, Etz SO,NEt,
X a) B X
N/ N 64% N/ N 95% N N quant
B H Et, CONEt2
2
c)
quant.
OMe  g0o,NEt, SO,NEt, OH  sO,NEt,
Et,NOC e Et,NOC Et;NOC AL {
SiMe; -—— SiMes | SiMes
Me;Si 84% e N7 TN
3 CONEt2 CONEt2 CONEt,

Scheme 61Ring-walk metalation sequence 3oa) DIPEA (2.4 equiv), CICONE{(3.0 equiv),
py, 25 °C; b) TMPLI (1.2 equiv), TMSCI (1.2 equivJHF, -78 °C, 1 h; c) sBuLi/TMEDA
(1.3 equiv), THF, -78 °C to 25 °C, 3 h; d) NaH (2quiv), Mel (1.5 equiv), DMF, 25 °C, 12 h;
e) TMPLi (2.5 equiv), TMSCI (3.0 equiv), THF, -787°1 h; DIPEA = diisopropylethylamine.

However, this method exclusively involves rathershalithium reagents such as

sBuLi'® and TMPLi'*® Furthermore, all functionalizing steps are depehdm the

135\, Jaric, B. A Haag, S. M. Manolikakes, P. Knogl@ig. Lett.2011, 13, 2306.
%65 Zimdars, X. Mollat Du Jourdin, F. Crestey, Bréll, P. KnochelQrg. Lett.2011, 13, 792.
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previously installed, non-modifiablertho-directing® CONEt- and SONEt-groups,
dramatically hampering the generality of this stggt

In this context, we envisioned the development afeaeral, convenient, mild and
efficient strategy for the regioselective full-furmmalization of the 7-azaindole scaffold
allowing the substitution of all five carbon posits of the azaindole core in a predictable
manner to furnish fully substituted azaindole datives of typed. Thus, for achieving
this synthetic goal, an appropriately substituteaz&indole precursor should be prepared

starting from commercially available 2-amino-5-bapyridine &; Scheme 62).

R3 R4
R2s ¢ 3 Br
ol DR R® \(j
2 pZ
R ONT N N~ "NH,
7 PG
4 5

Scheme 62:Full Functionalization of the 7-azaindole scaffaddarting from 2-amino-5-
bromopyridine5 affording fully substituted azaindoles derivativdgype4.

1.2SvNTHESIS OF THE -AZAINDOLERING

First, the 7-azaindole backbone had to be prepatedting from 2-amino-5-
bromopyridine §). In this context, we chose to build the azaindaee by Pd-catalyzed
cross-coupling of arorthc-aminoiodopyridine with an internal alkyne, as dessxd
before (see A, Chapter 4.2.1). Thisyas iodinated (HIQ I,) regioselectively at C3 in a
mixture of acetonitrile and acetic atid(80 °C, 5 h) to furnish the 3-iodopyridirgein
96% yield. Subsequer@onogashiracross-coupling of 6 in triethylamine (EN) using
trimethylsilylacetylene®) in the presence of Pd(P{ICI, (1 mol%) and Cdf? (2 mol%,
25 °C, 1 h) gave the aminopyridirg in 95% vyield. For the construction of the 7-
azaindole core, a thermal ring closure was condulcieaddition of NaH (1.2 equiv) in
NMP (80 °C, 1 h}® which led to the desired 7-azainddlen 80% vyield (Scheme 63).

375 Hildbrand, H.-J. Mair, R.-N. Radinov, Y. RenAhderson Wright, US 2011/002852011
198 3. J. Cui (Pfizer Company), WO 2009/01648009
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HIO, (0.3 equiv)
Br B I, (0.5 equiv) Br\f\/fl

N” “NH, MeCN/ACOH, 80 °C,5h N” >NH,

5 6: 96%
=——SiMe,
(7; 1.2 equiv)

Pd(PPhs),Cl, (1 mol%)

Cul (2 mol%)

Et3N,25°C, 1 h

SiMe;
Br N Br N &
m NaH (1.2 equiv) |
_ N'\ - I~
N" ] NMP, 80 °C, 1 h N “NH,
9: 80% 8: 95%

Scheme 63Preparation of the 7-azaind@evia selective iodinationSonogashiraross-coupling
and thermal ring closure.

1.3 FIRST ATTEMPTS TOWARDS THHEFULL-FUNCTIONALIZATION OF THE 7-AZAINDOLE
SCAFFOLD

In our search for an appropriate 7-azaindole pssruallowing the general and
stepwise full-functionalization of the azaindoleafold, we decided to prepare the
heterocyclic derivativd.0. Hence, the previously prepared 5-bromo-7-azasn@)lwas
protected in the N1-position with a methoxymethMiGM) group (NaH, MOM-CI,
DMF, 25 °C, 1 h) to furnisil in 91% vyield. The so-obtained 7-azaindalewas then
selectively lithiated in position 2 using TMPf{ in THF (-60 °C to -45 °C, 1 h), and
guenching with MgSIiCl (1238 provided the silylated 7-azaindal® in 88% vyield. This
newly introduced silyl moiety serves as protectgrqup of position 2 and hampers a

competitive metalation at C3 (Scheme 64).
1) TMPLI (1.1 equiv)
Br NaH (1.2 equiv) B 60 t0 -45°C, 1 h Bra
| N\, MOM-CI (1.2 equiv) P 2) Me;SiCl (12a; 1.2 equiv) PN IVieg
P > >
N o N . B o N \
N DMF, 25 °C, 1 h oy THF.-451025°C,2h Mo

9 11: 91% 10: 88%

P4

Scheme 64Protection of the 7-azaindo®in position N1 and C2.

With the substituted azaindolE0 in hand, we were aiming for the metalation of
position 4 or 6 by direct metalation using TMP-ded bases. To this end, a variety of
bases was investigated, however, only TMPLi (1.diveg78 °C, 0.5 h) gave acceptable
results regarding the conversion of the startingen and the stability of the metalated
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species, leading, after copper-mediated allylatidth 12b**°and acylation with benzoyl
chloride 120),'*° to the corresponding 4-substituted produi@snd14 in 30-37% vyield
(Scheme 65)%*

COzE; CO,Et
;
Br N \ .
(12b; 1.1 equiv) | SiMes
~
N N\
MOM
1) TMPLi (1.1 equiv) e
THF, -78°C, 0.5 h 13:37%
Bre_~ 2) ZnCl, (1.1 equiv)
ms"\"% -78°C1025°C,05h
N~ N 3) CuCN-2LiCl (1.1 equiv)
MOM -30 °C, 15 min
10
© cl
Br
> T D —sive,
cl cocl NN
MOM
(12¢; 1.1 equiv) 14: 30%

Scheme 65:Metalation of the 7-azaindol&0 in position C4 using TMPLIi, and subsequent
functionalization.

Since already in the first step of the functiorati@n of the pyridyl-subunit, the rather
strong base TMPLIi had to be used, leading, neveghgeto low yields for the allylation
and acylation reactions, we decided to preparehan@zaindole precursor. To this end,
we envisioned to pre-instal mainly electron-withwlirsg groups with the hope to increase
the activity of the heterocyclic ring towards matan to such extend that the use of
milder bases such as TMPMgCI- L{€Is possible. Hence, 5-bromo-7-azaindd@gwas
regioselectively brominated and reacted with tdfltmethanesulfonic anhydride
((F3CO,S)0, 1.1 equiv) to give the N1-protected heteroargben 89% yield over 2
steps. Compared to the MOM-protecting group, thfiate-moiety shows an increased
electron-withdrawing effect on the ring system andght be useful for subsequent
metalations. Accordingly, metalative deprotonatainl5 could be accomplished using
TMPMgCI-LiCl (1.5 equiv, 0 °C, 0.5 h) furnishingtef chlorination with PhS&EI*®?
(12d) the 2-chlorinated azaindol& in 85% yield (Scheme 66).

139 3) M. Rambaud, J. VilliéraSynthesisl984 406. b) J. Villiéras, M. Rambau@rg. Synth.1988 66,
220.

10 3) P. Knochel, M. Yeh, S. Berk, J. Talbelt,Org. Chem1988 53, 2390. b) F. Diibner, P. Knochel,
Angew. Chem. Int. EA999 38, 379.

81 The regioselectivity of the metalation of the piyti part of the azaindoldO using TMPLi is
analogously to the one obtained upon treatmentlob&opyridine with LDA, see: G. W. Gribble, M. G.
Saulnier,Tetrahedron Lett198Q 21, 4137.

182 Chemla, I. Marek, J.-F. Norma@ynlett1993 665.
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1) Br, (1.0 equiv) 5 Br 1) TMPMgCI-LiCl 5 Br
2 (1.0 equiv r X (1.5 equiv) r X
Brm CHCI5,0°C, 1h | N 0°C,05h | N—ci
> — > P2
NZ =N 2) pyridine (1.6 equiv) N~ N 2) PhSO,CI N~ N
H  (F3C0,5),0 (1.1 equiv) SOCF3  (12d; 1.5 equiv) SOCF3
9 CHyCl, 0°C, 1h 15: 89% over 2 steps  THF,0t025°C, 1h 16: 85%

Scheme 66Preparation of the 7-azainddlé by bromination as well as N1-and C2-protection.

Then, we tested the newly prepared azaindole pecd6 on its behavior upon
metalaton using the bases TMPZnCI-L%¢I, TMP,Zn-2MgCl-2LiCI®®
TMPMgCI- LiCl,** TMP,Mg- 2LiCI**> and TMPLi**° For the two zinc bases, no reaction
could be observed, even when the mixture was héat&@d0 °C for 2 h under microwave
irradiation. While not any metalation was obtaineging a combination of
TMPMgCI- LiCl and BR: OE,**® Mg-amide bases TMPMgCI- LiCl and TI¥g- 2LiCl
mainly led to decomposition. To this end, we dedittemetalate the azaindole derivative
16 underBarbier conditions®**®*using TMPMgCI- LiCl, TMBMg- 2LiCl and TMPLi by
mixing the azaindole 16 with electrophiles such as methyl iodide and
chlorotrimethylsilane and subsequently treatingvith the appropriate base. None of
these experiments delivered the desired produats, nbentionable amounts of a
regioisomer of16 were formed as a consequence of “halogen dafiferhus, an
efficient metalation of the 7-azainddlé could not be accomplished.

We therefore thought of introducing the directingesMCH,-moiety*®’ in the 3-
position of the azaindole derivativi®, since these amino groups are known to direct
peri(C4)-metalation on naphthaled®sor azagraminé&® and thus, might help for an
effective deprotonation of the azaindole core. liyckbromine/magnesium exchange

using iPrMgCI-LIiCl (1.1 equiv, -78 °C, 5 min) selectivelgroceeded in C3, and

1833) M. Jaric, B.A. Haag, A. Unsinn, K. Karaghiosd¥ KnochelAngew. Chem. Int. E@01Q 49, 5451.

b) S. M. Manolikakes, M. Jaric, K. Karaghiosoff,Khochel,Chem. Commur2013 49, 2124. c) K. Groll,
S. M. Manolikakes, X. M. du Jourdin, M. Jaric, ArdBlihhin, K. Karaghiosoff, P. KnocheéhAngew. Chem.
Int. Ed.2013 52, 6776. d) A. Unsinn, S. H. Wunderlich, A. JanaKéraghiosoff, P. KnocheChem. Eur.
J.2013 19, 14687. e) T. Klatt, D. Sustac, T. Leon, P. Kndcteg. Lett.2014 16, 1232.

1843) M. Lysén, J. L. Kristensen, P. Vedsg, M. Begtrg. Lett.2002 4, 257. b) J. L. Kristensen, M.
Lysén, P. Vedsg, M. Begtru@rg. Lett.2001, 3, 1435. ¢) H. M. Hansen, M. Begtrup, J. L. Kristems).
Org. Chem2006 71, 2518.

1853) R. Chinchilla, C. Najera, M. Yu§hem. Rev2004 104, 2667. b) F. D. Therkelsen, M. Rottlander,
N. Thorup, E. Bjerregaard Pedersemg. Lett.2004 6, 1991.

16 3) P. Rocca, C. Cochonnec, F. Marsais, L. ThonitaBuimont, A. Godard, G. Quéguine#, Org.
Chem 1993 58, 7832. b) C. Cochonnec, P. Rocca, F. Marsais, dda&d, G. QuéguineBynthesid995
321. c) F. Trécourt, B. Gervais, M. Mallet, G. Quiger,J. Org. Chem1996 61, 1673.

87 F N. Jones, M. F. Zinn, C. R. Haus&rQOrg. Chem1963 28, 663.

188 R. L. Gay, C. R. Hauser]. Am. Chem. Sod 967 89, 2297. b) J. Clayden, C. S. Frampton, C.
McCarthy, N. WestlundTetrahedronl999 55, 14161.

'**P. Ibrahim, D. R. Artis, G. Habets, R. Zuckermids, 2007/00666412007.
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B. RESULTS ANDDISCUSSION

quenching with thévlannichs salt methylene(dimethyl)iminium trifluoroacetsf®gave

the amino compountl7 in 86% yield (Scheme 67).

5 1) iPrMgCI-LiCI (1.1 equiv) NMe,
Br ' THF, -78 °C, 5 min Br
mm 2) Me,N*=CH, "OCOCF; (1.1 equiv) T Ng
= =
NT N CH,Cl,,-78 100 °C, 2 h N~ N
SO,CF, SO,CF,
16 17: 86%

Scheme 67Preparation of the 7-azainddé& by Br/Mg exchange.

Having the thus-prepared amino-azaindalé in hand, we again investigated the
deprotonative metalation af7 with several bases. Treatment with TMPMgCI-LiGl te
decomposition and, again, the formation of a regisier of17 due to halogen dancé
The same results were obtained using TMPMgCI- LTMPLi or LDA'® underBarbier
conditions®***®with chlorotrimethylsilane1(2a) as electrophile. Thus, also the azaindole
derivative 17 did not display a suitable precursor for an efinti and regioselective
functionalization of the heterocyclic ring. As all the preliminary results indicate, the
pyridyl part of the 7-azaindole core is rather idifft to metalate in an effective manner
and needs a stronger directing group. In additioa triflate-protecting group turned out
to be unsatisfactory. Wheti7 was subjected to a Br/Mg exchange on C3 followed b
Cu-mediated acylation and allylation reactioffsloss of the N1-protection group was
observed, indicating that the triflate-substituterats not stable in the presence of the
copper-salt and thus, precluding a general funatipation strategy.

Taking all these results into consideration, we enddlo choices. First, since there
were no complications arising with the use of tlierementioned MOM-moiety as
protective group, we again decided to introduce M@M-group for N1-protection.
Secondly, having the previously mentioned direcefigct in mind, we envisioned the
preparation of an azaindole precursor bearing @engtortho-directing® substituent in
position 5 activating the pyridyl-derived part betazaindole scaffold towards metalation
and alleviating functionalization of positions 4daf. Moreover, it would be highly
desirable, if thioortho-directing group could be further modified offeritige opportunity
to successively and regioselectively substitutdiadl carbon positions of the azaindole

core in a predictable manner.

% For more details on the preparation and the usehisf reagent, please refer to: B. Results and
Discussion, Chapter 2.
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B. RESULTS ANDDISCUSSION

1.4SYNTHESIS OF THKEY 7-AZAINDOLEPRECURSOR

Thus, for achieving the synthesis of fully subsétl 7-azaindoles of typd, we
prepared the azaindole derivati¥® which allowed us to use a combination of directed
magnesiations and lithiation§: halogen/magnesiuith and sulfoxide/magnesium

exchang&3**4%Scheme 68).

@ © ®@
selective cross- coupllng iodination and
sulfoxide/magnesium |od|ne/magne5|um exchange
R3 R exchange ”
R2 s i 3 Ar”
ol N\y_Rs —> r \ Cl< dechlorlnatlon and
R1“>NZ N 2 directed magnesiation
1 \
7 MOM selectlve MOM
4 directed 18
metalation

Scheme 68:Key 7-azaindole scaffoldl8 allowing the preparation of fully substituted 7-
azaindoles of typd; Ar = 4-methoxy-3,5-dimethyl-phenyl.

In this context, we employed a sulfoxide group osifoon C5 which turned out to be
crucial for the entire full functionalization pratal. On the one hand, it servesatho-
directing group’® allowing to regioselectively metalate the adjagemsitions C4 and C6
with amide derived bases such as TMPMgCI-i@hd TMPLi#***¢On the other hand,
it may easily be replaced by electrophiles suchodme using a sulfoxide/magnesium
exchang®&3**®4%nd thus, gives access to further modificationsasition 5. Hence, the
previously obtained MOM-protected 7-azaindafewas selectively lithiated in position
2 using TMPLi in THF (-60 °C to -45 °C, 1 h), andlarination with PhS@CI*®? (12d)
provided the dihalogenated 7-azaindb®n 82% vyield, bearing a chloride substituent as
C2-protecting group. Subsequent Br/Li exchangel®fusing nBuLi'®®
-78 °C, 5 min) and transmetalation with Mg@0D.5Mm in THF) furnished aGrignard

reagent which reacted with 4-methoxy-3,5-dimethyitemesulfinyl chlorid®72(20) to

(1.0 equiv,

give the desired azaindole derivat®ein 90% yield. When this azaindol21) was then
subjected to magnesiation using TMPMgCI-LIiCl (1gbig, -30°C, 10 min), a

regioselective metalation occurred in position 4 ajuenching with (BrGC), (12¢

™ a) J. Chen, Q. Song, C. Wang, Z. Xi, Am. Chem. So®002 124 6238. b) K. Snegaroff, S.
Komagawa, F. Chevallier, P. C. Gros, S. GolhenRdisnel, M. Uchiyama, F. MongirChem. Eur. J
201Q 16, 8191. ¢) R. E. Mulvey, F. Mongin, M. Uchiyama, Kondo, Angew. Chem. Int. EQ@007, 46,
3802. d) F. Chevallier, F. Mongi@&hem. Soc. Re2008 37, 595. e) A. Seggio, F. Chevallier, M. Vaultier,
F. Mongin,J. Org. Chem2007, 72, 6602.

"2 For the preparation of 4-methoxybenzenesulfinjbitie, see: M. Peyronneau, N. Roques, S. Mazieres,
C. Le Roux,Synlett2003 631.
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B. RESULTS ANDDISCUSSION

afforded the key azaindole8'’® in a quantitative yield of 97% (Scheme 69). Thihs,
key precursofl8 was prepared in 48% yield over seven steps it commercially

available pyridine.

1) TMPL (1.1 equiv)

Br -60t0-45°C,1h  Br 1) nBuLi (1.0 equiv)

m 2) PhSO,CI (12d; 1.2 equiv) m . -78°C, 5 min
N° N THF,-45t025°C, 2 h N N 2) MgCl, (1.1 equiv)

Vom MOM ) -78°C,0.5 8

11 19: 82% Me S
cl

MeO
Me
(20; 1.2 equiv)
y THF,-781t0-30°C, 1 h
1) TMPMgCI-LiCl (1.5 equiv)
Q Br -30°C, 10 min Q
Me S 2) (BrCl,C), (1.2 equiv) Me SN
| cl - | Cl
MeO N7 N THF, -30t0 25 °C, 2 h MeO N" N
Me MOM Me MOM
18: 97% 21: 90%
7 steps
48% overall yield
starting from 5

Scheme 69:Preparation of the polyfunctional key 7-azaindolecprsorl8 via metalation and
sulfinylation.

1.5 REGIOSELECTIVEFUNCTIONALIZATION OFPOSITIONSG, 5 AND 4 OF THE 7-AZAINDOLE
SCAFFOLD

As mentioned before, the key azaindole precufifbears hidden organometallic
pathways which offer the selective and general tfonalization of all five carbon
positions of the 7-azaindole core. In this conté, sulfoxide group on C5 plays a major
role, since it allows the directentho-metalatio’° of position 6. Thus, azaindol was
readily magnesiated on C6 using the chemoseleciwie base TMPMgCI- Li¢1
(1.5 equiv, -10 °C, 10 min) leading to tB&ignard reagen2. This magnesium species
was then transmetalated with Za@lm in THF, 1.5 equiv) and subsequently reacted in
a copper(l)-mediated acylatibi (CUCN-2LiCl, 1m in THF, 1.5 equiv) with furan-2-
carbonyl chloride 12f) to furnish the heteroaroylated azaind@®@a " in 63% vyield
(Scheme 55). Moreover, quenchinga# with neat iodine provided the iodo-azaindole
derivative23b'®in 61% yield (Scheme 70).

3 The regiochemistry of the productk8, 23a 23b, 27a 27b and 37 was confirmed by X-ray
crystallography, see: D. Appendix, Chapter 2.
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1) ZnCl,
(1.5 equiv)
-10 °C, 15 min
2) CuCN-2LiCI
(1.5 equiv)
-30 °C,15 min

3) N\, —cocl
0y
(

12f; 1.5 equiv)

TMPMgCI-LiCl A /g « -30t025°C,5h
_asequy) AT TN g
THF, -10 °C, N

10 min 22 MOM

L@20equv) A Y
1010 25°C, 1h I >N7 N

MOM
23b: 61%

Scheme 70Functionalization of position @ia selective metalation using TMPMgCI- LiClI; Ar =
4-methoxy-3,5-dimethyl-phenyl.

Noteworthy, the iodide23b proved to be an excellent intermediate for further
functionalization reactions. Thu§onogashiracross-coupling of 23b with 1-octyne
(24) using Pd(PP).Cl, (3 mol%), Cul (6 mol%) and BN (10 equiv) gave the desired
alkyne25in 92% yield (Scheme 71).

Hex—
0 Br (24; 1.2 equiv)
1 Pd(PPhs),Cl, (3 mol%)
Ar” | A\ ol Cul (6 mol%)
Z~N Et;N (10 equiv)
I~ N Vom THF, 25°C, 1h
23b 25: 92%

Scheme 71:Sonogashiracross-coupling of the iodid23b with 1-octyne 24); Ar = 4-methoxy-
3,5-dimethyl-phenyl.

Interestingly, deprotonation of the azaindole datiixe 18 with TMPLi (1.3 equiv,
-78 °C) produced a transient lithium reagef) (vhich underwent a halogen daff
leading to the 4-lithiated 7-azainddé (Scheme 57). It was shown that the best yields
for successive reactions were obtained when thautit reagent was generated in the
presence of the electrophil®drbier in situ*®*'® conditions). Hence, performing the
lithiation of 18 in the presence of 1,1,2-trichloro-1,2,2-trifluetikane (GIFCCRCI ;12g
1.5 equiv) gave the expected 4-chloro-7-azain@d& "> in 91% yield. Accordingly, in
the presence of an excess ofs8i€! (124) the silylated azaindol27b*"®was obtained in
79% vyield (Scheme 72).
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(0] Br
TMPLi S
(1.3 equiv) Ar |\ N ¢
_—
THF, -78 °C LN N
A Mom o ol
Cl,FCCF,CI I
- - (12g; 1.5 equiv) Ar” |\ N
Jhalogendance THF, -78 to 25 °C B~ >N” N
2h MOM
27a: 91%
QL
_S
Br” "N~ N
0 MOM
Me,SiCl ('s? 7 Mes
12a; 1.5 equiv - X
( quiv) _ Ar B N\ g
THF, -78 to 25 °C B~ N7 N
2h MOM
27b: 79%

Scheme 72:Functionalization of position #ia metalation using TMPLi under Barbier situ
conditions; Ar = 4-methoxy-3,5-dimethyl-phenyl.

The next functionalization was performed in positi via a sulfoxide/magnesium
exchangé>>*%%Thys, treatment a?7a with iPrMgCl- LiCP? (1.0 equiv) at -90 °C for
2mint™ led to the magnesium speci@8a which was immediately subjected to
transmetalation with Zn@Followed by an iodolysis affording the iodi@® in 60% vyield
(Scheme 73).

i1 g Vowzsen S
/S iPngCI-LiCI LiCI-CIM - (o} < |
Ar mu (1.0 equiv) g | N o 212 (2.0equiv) | N\ ol
— > »
B~ N N THF, -90 °C, B~ N~ N THF,25°C,05h Br~ N” N
MOM 2 min MOM MOM
27a 28a 29: 60%

Scheme 73:Suloxide/magnesium exchange in position 5 usPygCl-LiCl, and subsequent
iodolysis; Ar = 4-methoxy-3,5-dimethyl-phenyl.

The iodide29 was then conveniently converted to a magnesiumgerga@8b) using
iIPrMgClI-LiCl (1.05 equiv, -40 °C, 5 min). This highfunctionalized heterocyclic

174 Noteworthy, this sulfoxide/magnesium exchange thase performed at -90 °C within short time. At
higher temperatures and longer reaction times, rapetitive radical process with the solvent leads to
extensive amounts of protonated species. This casildell not be overcome replacing THF by 2-methyl
THF, since no reaction occurred between the sudfxnoiety andPrMgCI- LiCl. For more details on the
competitive radical process, see: Ph.D. thesisihadelzig, LMU Munich,2011, and Christian Bernhard
Rauhut Ph.D. thesis, LMU MunicBP08
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Grignard reagent28b readily undergoes various functionalization reati furnishing
the expected 5-subsituted 7-azaindoles of 8fEScheme 74 and Table T7¥.

Cl

| IPrMgCI-LICl | jcl-ciMg
mu _(1.05equiv) D \ a E03 \ cl
Br” "N N THE 40°C,
L MoM 5 min MOM 'V'O'V'

Scheme 74:lodine/magnesium exchange in position 6 usiRgVigCI-LiCl, and subsequent
functionalization.

Trapping the heterocyclic magnesium spegigis with NCCQEt (12h; 2.0 equiv) led
to the desired est@0ain 95% yield (Table 1, entry 1). Similarly, reaxti of 28b with
MesSiCl (12a 10 equiv) furnishes the 5-silylated 7-azaindg8 in 97% yield (entry 2).
Also, theGrignard reagen8b readily undergoes a trapping reaction using togghide
(TosCN;12i; 2.0 equiv) to afford the heterocyclic derivatB@cin 68% vyield (entries 3).
A copper(l)-mediated allylatidfi® in the presence of CuCN-2LiCl using ethyl (2-
bromomethyl)acrylaté® (12b; 2.0 equiv) led to the expected 5-substitutedraiie 30d
in 78% yield (entry 4).

Table 1: Functionalization of position 5 of the 7-azaindofeg via the-magnesium reage?db.

Entry  Mg-Reagen®® Electrophile Product, Yield™
Ci Ci
CIMg 0 EtO,C
B~ N7 N EtO0™ CN B~ N N
MOM MOM
1 28b 12h 30e: 95%
cl cl
CIMg Me;,Si
[T D Me;SiCl g
Br” "N” N Br” °N” N
MOM MOM
2 28b 12a 30hk: 97%

5 To avoid extensive protonations (see referencé thi&dGrignard reagent28a obtained from compound
27ahad to be kept at low temperatures (-90 °C), wipiddtludes effective quenching reactions with most
electrophiles. Hence, the desired magnesium sp&é was generated starting from the iodi&® since
the exchange reaction could be performed at teriypesn>-90 °C making subsequent functionalization
reactions more convenient.
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Cl Cl

0.0
CIMg " NC
Br~ "N~ N “ >N
' MOM Me B N MOM
3 28b 12i 30¢: 68%
cl cl
ClMg CO.Et EtO,C
[T D g | \/ N—ci
Br” "N~ N Br~ "N~ N
MOM MOM
4 28b 12b 30d: 78%°

[a] Obtained after I/Mg exchange reaction wiBrMgCl-LiCl (1.05 equiv) in THF at -40 °C in 5 min;
additional complexed salts are omitted for saklafity. [b] Yield of analytically pure isolated pdact as
determined byH NMR analysis. [c] Obtained after Cu-catalyzedlalion (CuCN-2LiCl (1.2 equiv) and
ethyl(2-bromomethyl)acrylate (2.0 equiv)).

The 7-azaindolé30a was then further functionalized in position 6 bgrfprming
Negishi cross-coupling$® with para-substituted arylzinc reagents (1.30 equda
R = CQEt; 31b: R = CN) in the presence of 3 mol% Pd(BR(R25 °C, 5-12 h) to furnish
the 6-arylated azaindol@2a-bin 65-98% vyield (Scheme 75).

/©/ ZnCl
EtO,C

(31a; 1.3 equiv)

Pd(PPhs), (3 mol%)
THF, 25°C,5h
cl
E0,0_L Et0,C
| T > znCl
N o]
30a MOM NC
(31b; 1.3 equiv)

Y

Pd(PPhs), (3 mol%)
THF, 25 °C, 12 h

32b: 65%

Scheme 75:Functionalization of position &ia Negishi cross-coupling reactions witpara-
substituted arylzinc reagents; additional complesalts are omitted for sake of clarity.

17%3) A. King, N. Okukado, E.-i. Negishl, Org. Chem1977 42, 1821. b) E.-i. Negishi, L. F. Valente, M.
KobayashiJ. Am. Chem. So&98Q 102, 3298. c) E.-i. Negishihcc. Chem. Re4982 15, 340. d) @. Rist,
M. Begtrup,J. Chem. Soc., Perkin Tran2001, 1566. €) X. Zeng, M. Quian, Q. Hu, E.-i. Negishingew.
Chem. Int. Ed2004 43, 2259. f) E.-i. Negishi, X. Zeng, Z. Tan, M. QiaQ, Hu, Z. Huang, irMetal-
Catalyzed Cross-Coupling Reactions, 2nd(&dis.: A. de Meijere, F. Diederich), Wiley-VCH, \Wheim,
2004 815. g) A. de Meijere, P. von Zezschwitz, S. BeéAcc. Chem. Re2005 38, 413. h) J.-X. Wang,
J. McCubbin, M. Jin, R. Laufer, Y. Mao, A. Crew, Mulvihill, V. Snieckus,Org. Lett.2008 10, 2923. i)
G. Manolikakes, M. Schade, C. Munoz Hernandez, ldyMP. KnochelQrg. Lett.2008 10, 2765. j) Z.
Dong, G. Manolikakes, J. Li, P. Knoch8ynthesi2009 681. k) G. Wang, N. Yin, E.-i. NegisiGhem.
Eur. J.2011, 17, 4118.
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1.6 REGIOSELECTIVEFUNCTIONALIZATION OFPOSITIONS3 AND 2 OF THE 7-AZAINDOLE
SCAFFOLD

After having performed various functionalizatioracdons for the modification of
positions 6,5 and 4 of the 7-azaindole scaffold, rdmaining unsubstituted position 3 of
the heterocyclic derivative82a and 32b was regioselectively iodinatied using-
iodosuccinimide (NIS; 2.2 equiv) in GBI, at 25 °C within 15 h to afford the iodo-
azaindole83aand33bin 83-87% yield (Scheme 76).

NIS (2.2 equiv)
—_—

CH,Cly, 25 °C,
15h

R
32a: R = CO,Et 33a: R = CO,Et: 87%
32b: R=CN 33b: R =CN: 83%

Scheme 76iodination of position 3 usini-iodosuccinimide (NIS).

Subsequent I/Mg exchange usifyMgClI-LiCl (1.1 equiv, -10 °C, 10 min) produced
a magnesium species of ty@& which readily reacted with different electrophiles
(Scheme 77 and Table 2).

Cl | . .
iPrMgCI-LiCl
(1.1 equiv) E* (12)
Cl ——m > —
THF, 0 °C,
MOM 10 min
R

33a: R = CO,Et 34a: R = CO,Et 35: R = CO,Et
33b: R=CN 34b: R=CN 36: R=CN

Scheme 77:lodine/magnesium exchange in position 3 usiBgMgCl-LiCl, and subsequent
functionalization.

Thus, theGrignard reagent34a was subjected to a copper-mediated acylaifon
(CuCN-2LiCl, -30 to 25 °C, 16 h) with furan-2-canyb chloride (2f; 2.0 equiv) to
furnish the desired aroylated azaind8ka in 68% vyield (Table 2, entry 1). Similarly,
after reaction of TosCNLQi; 1.5 equiv) the nitrilé85b was obtained in 84% yield (entry
2). Also, after transmetalation with Zn{lthe magnesium speci€¥4b smoothly
underwent a copper-mediated allylati$hwith ethyl(2-bromomethyl)acrylat® (12b;
1.2 equiv) to produce the expected heteroc$6la 69% yield (entry 3).
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Table 2: Functionalization of position 3 of the 7-azaindolgy via the magnesium reagergda-
b

Entry Mg-Reagen® Electrophile Product, Yield™

3 34b 12b 36: 69%°

[a] Obtained after /Mg exchange reaction witrMgCI-LiCl (1.1 equiv) in THF at 0 °C in 10 min;
additional complexed salts are omitted for sakelarity. [b] Yield of analytically pure isolated iluct as
determined byH NMR analysis. [c] Obtained after Cu-mediated atigh (CuCN-2LiCl (1.2 equiv) and
furan-2-carbonyl chloride (1.5 equiv)). [d] Obtadhafter Cu-mediated allylation (CuCN-2LiCl (1.2 aqu
and ethyl(2-bromomethyl)acrylate (1.2 equiv)).

To be able to functionalize position 2 of the 7iadale scaffold, the chloride
substituent, which served as protecting group, teadbe removed. To this end, we

b'"" according to theSchlossermethod’® using

performed a dechlorination 035
3.0 equiv of HCGNH, in the presence of 2 mol% Pd/C under microwavadiation
(MWI, 100 °C, 4 h) providing the monochlorinatecamole37'in 76% yield (Scheme
78).

The so-obtained heterocycl®7 was then subjected to a metalation with
TMPMgCI-LiCl (1.1 equiv, -30 °C, 5 min) affordindpe Grignard reagent38 (Scheme
78). This magnesium reagent readily reacted witBFBPh (2j; 1.3 equiv) to give the
fully dressed thioetheta in 78% vyield. Similarly, transmetalation 88 with ZnCh (1.2
equiv) and subsequeNtegishicross-couplintf® using 4-iodotoluenel@k; 1.5 equiv) in
the presence of 3 mol% Pd(RRHurnished the full-functionalized azaindale in 90%
yield (Scheme 79).

177 A direct zinc insertion into the CI-C-bond 86b did not lead to a 2-zincated azaindole derivative.
178 a) C. Bobbio, T. Rausis, M. Schlosséhem. Eur. J2005 11, 1903. b) F. Alonso, I. P. Beletskaya, M.
Yus, Chem. Rev2002 102, 4009.
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Pd/C (2 mol%)
HCO,NH, (3.0 equiv)
EtOH, MWI, 100 °C, - TMPMgCI-LiCl
4h (1.1 equiv)
EtO,C EtO,C THFS’ r-r?,la C,

35b

Scheme 78: Dechlorination in position 2 using th&chlosser method and subsequent
magnesiation using TMPMgCI- LiCl.

PhSSO,Ph
(12j; 1.3 equiv)
THF, -30 to 25 °C
1h

ZnCl,
(1.2 equiv)
Pd(PPh3),
(3 mol%)

’

(12k; 1.5 equiv)
THF,25°C,4h

Scheme 79Functionalization of th&rignard reagenB8 in position 2.
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2. PREPARATION AND REACTIONS OFHETEROARYLMETHYLZINC REAGENTS

2.1INTRODUCTION

Organozinc derivatives are of key importance inaaig synthesis and have found
numerous applications:’>*¥°Owing to the rather covalent character of the @astinc
bond, these organometallic reagents show a higbtimal group tolerance and thus,
allow the preparation of polyfunctionalized orgaimezcompounds. In this context, a

|- 58b 14 and allylzin¢® reagents has been

broad range of (hetero)aryf:®*®alkyl-,>®" alkeny
successfully prepared and reacted with varioustrelgisiles. RecentlyMetzger and
Knochel established a method for the direct zinc inserbmmetallic zinc dust into
benzylic chlorides mediated by Li€% With heterocycles displaying a major part of
building blocks in pharmaceuticals and materials, emvisioned the development of a
protocol for the convenient and general preparatibieteroarylmethylzinc reagents.
Generally, there are two strategies which could applied for the synthesis of
heteroarylmethylzinc reagents. The first stratagyoives the metalation of methylated
heterocycles such as 2- and 4-picolines with difiebases®® In this contextDuezand
Knochelhave recently shown that treatment of 2-picol#@ @nd 4-picoline 41) with

TMPZnCI- LiCl readily furnishes the zincated pic@##2 and43 (Scheme 80)%*°

B TMPZNCI-LiCl (2.0 equiv) m
N” “Me THF, 25°C, 1 h N7 ZnchLic

40 42

Ve ZnCI-LiCl
N TMPZnCI-LiCI (1.5 equiv) X

| > |

N THF, 25°C, 1 h N

41 43

Scheme 80Zincation of 2-picoline40) and 4-picoline41) using TMPZnCI- LiCl.

However, if this metalation strategy is applied 3gicolines, several difficulties
occur. On the one hand, the resulting cross-cotgaganion is rather unstabilized and
thus, highly reactive. In contrary to zincated 2d &-picolines, the negative charge is not

delocalized over the pyridyl nitrogen atom. On titeer hand, mostly lithium amide

1793a) H. Duan, L. Meng, D. Bao, H. Zhang, Y. Li, AeiLAngew. Chem. Int. E@01Q 49, 6387. b) S.
Bernhardt, S. Manolikakes, T. Kunz, P. Knochaigew. Chem. Int. E@011, 50, 9205. ¢) L. E. Zimmer,
A. Charette,J. Am. Chem. So2009 131, 15633.

180 3) E.-i. NegishiAngew. Chem. Int. EQ011, 50, 6738. b) E.-i. Negishi\cc. Chem. Re4982 15, 340.
181 C. Samann, M. A. Schade, S. Yamada, P. Kno&rgew. Chem. Int. E@013 52, 9495.

182 . Samann, P. Knoch&ynthesi®013 45, 1870.

1833) T. Kamienski, P. Gros, Y. Fofur. J. Org. Chem2003 3855. b) M. Schlosser, F. Mongi@hem.
Soc. Rev2007, 36, 1161. c) S. Duez, A. K. Steib, S. M. ManolikakBs Knochel Angew. Chem. Int. Ed
2011, 50, 7686.
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derived bases such as LEfA are necessary to successfully metalate 3-picglines
precluding the presence of a wide range of funelignoups:®* Metalation of the methyl
moiety in 3-picoline using TMPZnCI-LiCl does noatkto satisfactory results. In fact,
when 2,3-lutidine 44) and 3,4-lutidine 45) are treated with the zinc base, zincation
occurs in 2- and 4-position, respectively, leadimginc derivativegl6 and47, while the

3-position stays untouched (Scheme 839.

Me Me
| N TMPZnCI-LiCl (1.5 equiv) (I/
> ZnCI-LiCI
N” @ THF/NEP, 25 °C, 15 min N” nCILC
44

46
@ ZnCI-LiCl
Me Me
| A TMPZnCI-LiCl (1.5 equiv) | =
N7 THF, 25 °C, 15 min N7
45 47

Scheme 81Zincation of 2,3-lutidine44) and 3,4-lutidine45) using TMPZnCI-LiCl; NEP =\-
ethylpyrrolidone.

Thus, a different method for the general prepanatibheteroarylmethylzinc reagents
had to be chosen. To this end, influencedMstzgets strategy of the LiCl-promoted
direct zinc insertion into benzylic chloride®, we decided to use chloromethyl
heteroarenes as precursors for the synthesis bf@ganozinc reagents which should as
well be obtained by oxidative zinc insertion. Yedymmon strategies for the synthesis of
chloromethyl (hetero)arenes include the chlorimatd benzylic alcohols using reagents
such as phosphorus pentachloride, phosphoryl deland thionyl chloride. It is known
that during these chlorination reactions mentioeadrhounts of HCI are formétf In
case of nitrogen-containing heterocycles such amlipgs, pyrimidines or quinolines,
this acidic environment might cause protonation tbé heterocycles or lead to
decomposition and unwanted side reactions, whickemahose protocols inefficient
when it comes to the preparation of chloromethyef@marenes. We therefore envisioned
preparing these heteroarylmethyl chloridds$) (from the appropriate “heterobenzylic”
dimethylamines49) by a literature-known procedure which descriltes donversion of
dimethylamines to the corresponding chlorides usitny! chloroformate50).*%° In this
context, the analogous “heterobenzylic” dimethylaesi should be synthesized by a

homologation reaction of heteroarylmagnesium amac-reagents of typ&1 with the

18 M. Albrecht, C. RietherSynlett1995 309.

185 3) M. Yoshihara, T. Eda, K. Sakaki, T. MaeshirBgnthesisl98Q 9, 746. b) R. M. Carman, |. M.
Shaw, Aust. J. Chem1976 29, 133. ¢) F. Xu, B. Simmons, R. A. Reamer, E. Gorl¢& Murry, D.
Tschaen,. Org. Chem2008 73, 312.

18D s, Kashdan, J. A. Schwartz, H. RapopdrtOrg. Chem1982 47, 2638 and references cited therein.
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187

Mannichs ion'®” methylene(dimethyl)iminium trifluoroacetat&2'®®

generated by
reaction ofN,N,N’, N'-tetramethylmethanediamine with trifluoroacetichgdride. Having
prepared the appropriate chloromethyl heteroargbusors48, we then envisioned to
perform a direct LiCl-mediated zinc insertion iriteese heteroarylmethyl chloride48)

to obtain zinc reagents of tyf3, which should be employed in subsequent reactions

with electrophiles to furnish heterocyclic productsype54 (Scheme 82).

Me ®
“N=CH,
Me o
Me] 55 OCOCFs CICO,Et
@ - NMe, S0 _ cl
CH,Cl, 0°C CHCl3, 0 °C
[Met] = ZnX, MgX Zn, LiCI, THF
250r50 °C

E _EF ‘ ch;|-uc;|

54

Scheme 82:Preparation of chloromethyl heterocycles of tyf® their conversion to zinc
reagents of typé3, and subsequent functionalizations leading to yetsd of type54; X =
CI-LiCl, Br-LiCl.

2.2PREPARATION OKDIMETHYLAMINOMETHYLHETEROARENES

For a general preparation of heteroarylmethylzesgents, the first step consisted in
the synthesis of (dimethylamino)methyl heteroaref# by reaction of heterocyclic
organometallics§1) with the Mannichs ion 52. Thereby,52 is prepared by reaction of
N,N,N’, N'-tetramethylmethanediamine with trifluoroacetic hgdride in anhydrous
CH.Cl; at 0 °C (Scheme 83).

87 For a recent review on tdannichreaction, see: J. L. LNlame Reactions for Homologatio2909 2,
653.

18 3) N. Millot, C. Piazza, S. Avolio, P. Knoch&ynthesi200Q 941. b) N. Gommermann, C. Koradin, P.
Knochel, Synthesis2002 2143 and references cited therein. For the sgighef MannicHs ions in
anhydrous media with different counter ions, s@eA.cAhond, A. Cavé, C. Kan-Fan, H.-P. Husson,dl. d
Rostolan, P. Potiet]. Am. Chem. S04968 90, 5622. d) G. Kinast, L.-F. Tietz&dngew. Chem. Int. Ed.
1976 15, 239. e) D. GriersorQrg. React199Q 39. f) M. Gaudry, Y. Jasor, T. B. Kha©rg. Synth1988

6, 474.
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1 X
FsC~ ~O” “CF,4
Me., .~ .Me (1.0 equiv) Me @

o)
NN > N=CH, ©

2
Me Me CH,Cl,, 0 °C, 10 min Me o)J\c:F3

52: quant.

Scheme 83Anhydrous preparation of tdannichs ion 52.

Various heteroarylmagnesium and -zinc reagents ype 51 reacted with the
MannicHs ion 52 at low temperatures to furnish the correspondingethylaminest9 in
good yields (Scheme 84 and Table 3).

(Me,N*=CH,) ©OCOCF;
[Me‘] (52 1.1 equiv) NMe,
THF, -78t0 0 °C

51 49: 48-88%

[Met] = ZnX, MgX

Scheme 84:Preparation of (dimethylamino)methyl heteroarenksype 49 by reaction of52
with organometallic compounds of typé.

Thus, the pyridyl magnesium reagentla and 51b readily reacted with
methylene(dimethyl)iminium trifluoroacetat&? to afford the dimethylamine49a and
49b'®° in 79-86% vyield (Table 3, entries 1 and 2). Simijlathe regioisomeric
dimethoxy-pyrimidines51c and 51d were smoothly converted to the corresponding
(dimethylamino)methyl heteroarendSc and 49d in 83% and 79% yield, respectively
(entries 3 and 4). Also, th@&rignard reagentssle-gwere efficiently treated with the
MannicHs ion 52 to furnish the amine49e-gin 60-78% vield (entries 5-7° The 7-
azaindolyl magnesium speci®&lh and 51i successfully reacted with2 to give the
corresponding 5- and 3-(dimethylamino)methyl azaiesi49h and49i in 48-88% yield
(entries 8 and 9). In the same manner, the pyraiengative49j and the quinolyl amine
49k were readily obtained in 51-70% yield (entries hd &1).

1% These experiments were conducted by G. A. Monz&z Bnd are given here for sake of completeness.
For further experimental details, see: Ph.D. th@sibriel Andrés Monzoén Diaz, LMU MunicBD12

1% These experiments were conducted by A. J. Wagmérage given here for sake of completeness. For
further experimental details, see: Ph.D. thesisréasl Johannes Wagner, LMU Muni@®11
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Table 3: Preparation of (dimethylamino)methyl heteroarerietye 49 by reaction of52 with
organometallic compounds of typé.

Heteroaryl

Entry Organometallicd® %! Product, Yield™
ﬁMgCI /(\//E\vale2
Br N F Br N F
1 5la 49a 86%
ﬁMgCI /(\/(\Nwle2
CI” N F CcI” N F
2 51b 49b: 79%'°°
OMe OMe
)N|\ Mgl )N|\ N N,
MeO” N MeO” N
3 51c 49c 83%
OMe OMe
S s
Meo)\N/ MgCl Meo)l\N/ NMe,
4 51d 49d: 79%
MgBr NMe,
y =f
S S
5 5le 49e 609%6°°
MgCl NMe,
Crd crd
s S
6 51f 49f: 78%%°
MgCl NMe,
Cro s
o o]
7 51g 49g 70%°
ClMngI Meszm
NN N~ "N
MOM MOM
8 51h 49h: 48%

191 For experimental details on the preparation ofdbeesponding heterocyclic organometallics, please
refer to: C. Experimental Section.
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N" N N
SO,CF;4 SO,CF3
9 51i 49i: 88%
CI\[N\ Cl Cl_N_¢Cl
e T
N ZnCl N NMe,
10 51] 49j: 51%
O\ Ml N NMe
| | 2
N N
11 51k 49k: 70%

[a] Additional complexed salts are omitted for saieclarity. [b] Yield of isolated, analytically pe

product.

Since the (dimethylamino)methyl moiety is knowrs&ve as directing grodp;°"2¢°
the amino derivative49a could smoothly be metalated using TMPMgCI-EfCl
(1.2 equiv, -20 °C, 1 h). Subsequent chlorinatioth whSQCI*®? (1.05 equiv) afforded
the polyfunctional pyridind9l in 73% vyield (Scheme 855?

1) TMPMgCI-LiCl (1.2 equiv) ol

20°C,1h
| Ny NMe,  2) PhSO,CI (1.05 equiv) /KY\NMeZ
B ON” OF THF,-20t0 0°C, 1.5 h Br” ON” OF
49a 491: 73%

Scheme 850rtho-magnesiation of pyridyl amirédausing TMPMgCI- LiCl.

2.3PREPARATION OFCHLOROMETHYLHETEROARENES
The thus prepared (dimethylamino)methyl heteroarené type 49 were then
subjected to chlorination using ethyl chloroformd®)) to give the corresponding

188 The mechanism of this chlorination reaction is

chloromethyl heterocycles of typs.
outlined in Scheme 86. Under liberation of a clideranion, the heterocyclic amidé

attacks the electrophilic center of ethyl chlorofate 60) to form the acylammonium
ion 55. The latter is then attacked by the chloride artmriorm the “heterobenzylic”
chloride 48, while expelling ethyN,N-dimethylcarbamat®&6 being the driving force of

this reaction.

192 For more examples on tletho-metalation of (dimethylamino)methyl heteroarersee: Ph.D. thesis
Andreas Johannes Wagner, LMU Muni@@11, and Ph.D. thesis Gabriel Andrés Monzén Diaz, LMU
Munich, 2012
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€
M
: 50 @
e R o CI
Me Me

Scheme 86Mechanism of the conversion of (dimethylamino)meétisteroarenes of typ49 to
the corresponding chloromethyl heterocyel8sising ethyl chloroformates().

Thus, at 0 °C the (dimethylamino)methyl heteroaseot type49 are treated with
ethyl chloroformate §0; 1.1 or 1.5 equiv) in chloroform to furnish ther@sponding
chloromethyl derivatives of typ48 in 55-77% yield after 30 min reaction time (Scheme
87 and Table 4).

CICO,Et

(50; 1.1 or 1.5 equiv)
NMez o Cl
CHClI3, 0 °C, 30 min

49 48: 55-77%

Scheme 87: Preparation of chloromethyl heterocycles of tygd by reaction of
(dimethylamino)methyl heteroarenég with ethyl chloroformate50).

In that manner, the dimethylamid8b was treated witls0 (1.1 equiv, 0 °C, 0.5 h) in
chloroform to afford the corresponding chlori¢i@a in 60% yield (Table 4, entry 1§?
Noteworthy, the pyrimidine derivativel9c could be furtherortho-metalated with
TMPMgCI-LIClI (1.1 equiv, 25°C, 45 min), subsequegnttrapped with 1,1,2-
trichlorotrifluoroethane (1.1 equiv, 50 °C, 4 h)dathen subjected to chlorination using
ethyl chloroformate 50; 1.1 equiv, O °C, 0.5h) to furnish the full fuinctalized
heterocycle48b in 55% overall yield (entry 2f° Also, the (dimethylamino)methyl
heteroarened9e-gwere successfully converted to the “heterobenzyidorides48c-e
in 71-77% yield using 1.1 equiv 6D at 0 °C for 30 min (entries 3-5}° The 7-azaindole
derivatives49h and49i reacted with ethyl chloroformaté( 1.5 equiv, 0 °C, 0.5 h) to
give the expected chloridesf and48gin 59% and 73% vyield, respectively (entries 6
and 7). Similarly, the quinolyl derivativé8h could be obtained in 60% vyield from the
corresponding amind9k (entry 8). Noteworthy, for an efficient transforiioa of
dimethylamine49l to the heteroarylmethyl chloridt8i, the reaction had to be heated to
70 °C for 2 h. After 0.5 h at 0 °C, a sluggish teatmixture was obtained indicating the
formation of a salt, probably an acylammonium idriype 55, which did not react any
further. Thus, no formation of the correspondingdurct could be detecteda GC/MS.
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Luckily, upon heating, the reaction could be driven completion, furnishing the
expected chloromethyl heterocyel8i in 67% yield (entry 9). Also, when the pyrimidyl
amine 49c was treated with CIC{Et (50; 1.5 equiv, 0 °C, 0,5 h), a sluggish reaction
mixture was obtained containing mainly the corresilog acylammonium ion.
However, heating the reaction did not lead to angrovement and only traces of the
desired chloridet8j could be detected on GC/MS. Any attempts in bregakhis ionic
structure by addition of excess &0 or a naked chloride ions such asrt-
butylammonium chloride, by refluxing the reactioixtare or by changing the solvent to
N,N'-dimethylpropyleneurea (DMPU) did not result in efficient formation of the
corresponding chloromethyl derivatii8) (entry 10). In the same way, the pyrazyl
chloride 48k could not be obtained applying our strategy (ertty. Here, the major
problem was also the formation of a rather stabdenanium ion of typeb5, which did

not react further to the corresponding chloridearrahy attempts.

Table 4: Preparation of chloromethyl heteroarenes of ty# by reaction of50 with
(dimethylamino)methyl heterocycles of typ@

Entry Heterocyclic Amine Product, Yield™
CcI”ONTF CcI” N F
1 49b 48a 60%
OMe OMe
MeO” N MeO” "N~ Cl
2 49c 48b: 55%°%°
NMe,

Cl
=8 =4
S S

48¢c 7196

49e
NMe, Cl
b b
S S
4 49f 48 72%*°
NMe, Cl
o o
0] 0]
499

48e 77%%°
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Me,N | N Cl | N
N~ N N~ N
MOM MOM
6 49h 48f: 59%
NMe, Cl
N" N NN
SO,CF;4 SO,CF,
7 49i 48g 88%
| \/ NMe, ©|\/\j/\c:|
N N
8 49k 48h: 60%
Cl Cl
| \/ NMe, | \/ Cl
Br” "N~ °F Br” "N~ F
9 49 48i: 67%"
OMe OMe
Ni Ni
Meo)l\N/ NMe, Meo)l\N/ cl
10 49c 48j: decomp.
Cl N _Cl Cl_N_Cl
\[NLNMez \[NLCI
11 49j 48k: decomp.

[a] Yield of isolated, analytically pure produdb] [Reaction was performed at 70 °C for 2 h.

2.4PREPARATION ANIBREACTIONS OFHETEROARYLMETHYLZINBEAGENTS

2.4.1L1CL-PROMOTEDZINC INSERTION INT@CHLOROMETHYLHETEROARENES

I°%® we envisioned to

Applying the method recently reported MetzgerandKnoche
prepare various heteroarylmethylzinc reagents gk ty3 by a LiCl-mediated zinc
insertion into the corresponding chloromethyl hedeenes of typel8. To this end,
commercially available zinc dust was treated with2-dibromoethane and
chlorotrimethylsilane prior to insertion into théeterobenzylic” chloride€8. In this
manner, a broad range of chloromethyl heteroaréfyswas successfully converted to
the zinc compound83 within 1-16 h at 25 °C determining the approprigields of

active species by iodometric titratiSh(Scheme 88 and Table 5).

193 A, Krasovskiy, P. Knochebynthesi®2006 890.
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Zn (1.5 equiv)
cl LiCl (1.5 equiv) o ZnCI'LiC|
THF, 25 °C,
1-16h
48 53: 60-90% yield

Scheme 88:Preparation of heteroarylmethylzinc reagents ot typ via direct LiCl-promoted
oxidative insertion using zinc dust.

Hence, the previously prepared pyridyl derivatd&a was readily converted to the
corresponding zinc reageBBa in 85% vyield after 1 h at 25 °C (Table 5, entry*®f)
Similarly, the pyridylzinc reageri3b could be obtained from commercially available 2-
chloro-5-(chloromethyl)pyridine 48l) in 80% vyield (entry 2§%°'%* The pyrimidyl
chloride 48b was smoothly subjected to zinc insertion afford&8¢™° in 71% vyield
(entry 3). Also, theS and O-heterocycles48c-e furnished the corresponding zinc
organyls53d-f in 77-81% vield after 12-16 h at 25 °C (entrie8)42° In that fashion, the
7-azaindolylzinc compoun®3g and the polyfunctional pyridyl derivativB3h were
obtained in 60-90% yield (entries 7 and 8).

Table 5: Preparation of heteroarylmethylzinc reagents oé 9 by direct LiCl-promoted zinc
insertion into chloromethyl heteroarenes of tyge

Entry Heterogyclic Prqduc[:;]
Chloride (t, Yield*™)
| \/ cl /E\jf\zm:l-uc:l
CI” >N F ClI” >N"F
1 48a 53a(1 h, 85%)°°
| \/ cl D/\chmm
CI” N CI” N
2 48| 53b (2.5 h, 80%)°
OMe OMe
)Nl\ \/ cl )Nl\ \/ ZnClI-LiCl
MeO~ "N~ ClI MeO” "N~ ClI
3 48b 53c(1 h, 71%3%*
cl ZnCI-LiCl
s =S
s s
4 48c 53d (12 h, 78%)*°

19%|n this context, the introduction of a chlorinebstituent in position 6 of the pyridine core sedmbe
crucial for a successful transformation to the esponding zinc organyl, since unsubstituted 3-
(chloromethyl)pyridine rapidly polymerizes when gdted to zinc insertion. For more details, seeDPh
thesis Andreas Johannes Wagner, LMU Muni1 1 For the use 0$3b in Pd-catalyzed acylations, see:
K.-H. Cho, S.-H. KimBull. Korean Chem. So2013 34, 983.
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Cl ZnCI-LiCl
S
S S

5 48d 53e(16 h, 77%)°
Cl ZnCI-LiCl
oo
0] (0]
6 48e 53f (16 h, 81%)*°
S T g LiCI-CIanCI
N~ N N7 N
MOM MOM
7 48f 53g(2.5 h, 6094}’
Cl Cl
| \/ cl /fj(\ZnCI-LiCI
Br N F Br N F
8 48 53h (1 h, 90%)

[a] Active yield determined by iodometric titratiojin] Reaction was performed at 50 °C.

However, all attempts converting the azaindole wd¢ive 48g to an active
organometallic species led to unsatisfactory resiNib reaction could be detecteh
GC/MS or thin layer chromatography whé8g was treated with activated zinc and LiCl
in THF at 50 °C for 3 d (Table 6, entry 1). Chargpgthe solvent for the zinc insertion to
the higher boiling DMPU and heating the reactioxtorie to 90 °C for 3 d only led to
unreacted starting material. When azaindé®g was subjected to the more powerful
LiCl-promoted magnesium insertion in the presencafmsence of ZnGF*°® besides
unreacted substrate, partial reduction and losshef N1-protecting group were the
results. For quinoline derivativé8h (entry 2) and the 4-(chloromethyl)thiazal8m'*°
(entry 3), oxidative zinc insertion at 25 °C led tecomposition due to partial

polymerization.

195 Obtained by washing commercially available 4-(ctipethyl)thiazole hydrochloride with potassium
hydroxide and extracting the aqueous phase witthgiether.
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Table 6: Decomposition or reduction reactions upon zincrinse.

Entry Heterocyclic Chloride Product
Cl ZnCI-LiCl
| t N—cl (\//E\gm
N~ N N N
SO,CF;4 SO,CF3
1 489 no reaction
Y e Wzm-um
N N
2 48h decomp.
of ZnCI-LiCl
=l e
4s. S
3 48m decomp.

In case of the heteroared@&h, this problem could be overcome by introducing a
chlorine substituent in position 2. Thus, 2-chl8r¢echloromethyl)quinoline48n"*° was
successfully converted to the corresponding zimgeat53i in 78% yield after 1 h at

25 °C (Scheme 89).

Zn (1.5 equiv)
| N cl LiCl (1.5 equiv) ©|\/Y\ZnCI-LiCI
o —
N/ ol THF,25°C, 1 h N al
48n 53i: 78% yield

Scheme 89:Preparation of quinolylzinc reageb8i via LiCl-promoted oxidative zinc insertion
into chloromethyl quinolind8n.

2.4.2REACTION OFHETEROARYLMETHYLZINBEAGENTS WITHELECTROPHILES

With a broad range of zinc reagents of tyf® in hand, various reactions were
performed including Pd-catalyzétegishicross-couplings’® Cu-mediated acylatiort§®
Cu-catalyzed allylation¥® and addition reactions t8-benzenesulfonothioat€$ and
aldehydes, affording the corresponding heterocymioducts of typé&4 (Scheme 90 and
Table 7).

1% prepared in two steps from commercially availablehloro-3-formylquinoline in an overall yield of
72% according to: S. Kumar, D. Kaushik, S. BawaiXhan,Chem. Biol. Drug De2012, 79, 104.

97 For the general preparation Sfbenzenesulfonothioates, see: K. Fuijiki, N. Tanifj. Sasaki, T.
Yokoyama,Synthesi2002 3, 343.
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ZnCI-LiCI E* (57) E

53 54: 48-98%

\

Scheme 90:Reaction of heteroarylmethylzinc reagents of t3ewith electrophiles §7) to
afford products of typ&4.

In that manner, a summary of the thus obtainedtiomalized heterocycle$4 is
shown in Table 7. Hence, the polyfunctional pyricBhgent3areadily reacted with the
aldehyde57a (0.85 equiv) to give the alcoh&da in 80% yield (Table 7, entry 1}°
Similarly, in the presence of 1 mol% PEPPSE{Prthe zinc reagents3a was
successfully subjected to Blegishi cross-couplin/® with the aryl bromide57b
(0.9 equiv) to furnish the substituted pyrididdb in 93% yield (entry 2§%° The
pyrimidine derivative53c was smoothly converted to the corresponding fonetized
heterocycle54c in 88% vyield performing a copper-mediated acyHfid (1.2 equiv
CUuCN-2LiCl) using benzoyl chlorideésTc 0.9 equiv; entry 3)'%° The Sheterocyclic
zinc reagent$3d and53e smoothly reacted with aryl bromidé3d and57e (0.9 equiv)
using 1 mol% PEPPSI-IPr to gi¥dd and54ein 72-85% yield (entries 4 and 5§, After
a copper-mediated allylation (5 mol%  CuCN-2LIiCl) tlwi ethyl(2-
bromomethyl)acrylaté® (57f, 0.9 equiv), the benzofuryl derivativB4f"®® and the
azaindole54g were obtained in 80 and 98% yield, respectivehtries 6 and 7). Also,
the 7-azaindolylzinc reagenb3g readily added toSbenzenesulfonothioate5{g
0.9 equiv) and 4-cyanobenzaldehy8&l 0.9 equiv) to furnish the heterocycke$h and
54i in 81-85% yield (entries 8 and 9). The quinolygamometallic3i readily underwent
a copper-catalyzed allylation reaction (5 mol% CuINCI) with 3-bromocyclohex-1-
ene b7i; 0.9 equiv) to give the functionalized quinolibdj in 76% vyield (entry 10).
Furthermore, the zinc reagesfi was subjected to Pd-catalyzed cross-couplingsol$am
of PEPPSI-IPr) with the (hetero)aryl iodidgg-l (0.9 equiv) to affordb4k-m in 48-70%
yield (Table 7, entries 11-13). Moreover, reactiovith S(3,4-dichlorophenyl)
benzenesulfonothioate57m; 0.9 equiv) and Cu-mediated acylation with the lacy
chlorides57n-q (0.8-0.9 equiv) furnished the substituted heteas54n-r in 55-67%
yield (entries 14-18).

1% a) M. G. Organ, S. Avola, I. Dubovyk, N. Hadei, &.B. Kantchev, C. J. O'Brien, C. Valent@&hem.
Eur. J.2006 12, 4749. b) E. A. B. Kantchev, C. J. O'Brien, M. Grgan,Angew. Chem. Int. EQ007, 46,
2768. c) M. G. Organ, M. Abdel-Hadi, S. Avola, lullbvyk, N. Hadei, E. A. B. Kantchev, C. J. O'Brien,
M. Sayah, C. Valent&;hem. Eur. J2008 14, 2443.
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Table 7: Reaction of heteroarylmethylzinc reagents of tgBewith electrophiles of typ&7 to
afford products of typ&4.

Entry Zinc Reagent Electrophile Product, Yield'
OMe OMe
Br
Ny znclLic N B
L L on
CI” N F CHO CI”NF
1 53a 57a 54a 80%
Br
X Li X
/Ej/\ZnCI LiCl @ | ) \
Cl N S cl N IS
2 53b 57b 54b: 93947+
OMe OMe
NHY\chrLim ©/COC| N X Ph
veo” N ol Veo N1 ©
3 53c 57c 54c 88%471%
Cl Cl
Br
ZnCI-LiCl \© 77
s s
S CFs CF,
4 53d 57d 54d: 72947+
cl Cl
ZnCI-LiCl Br O 1
crd the
S OMe OMe
5 53e 57e 54e 8594
ZnCI-LiCl CO,Et
\ CO,E W
o) Br o
6 53f 57f 54f. 80041
CO,Et
LiCl-Clzn N N
mm CO,Et \Nl N
MOM Br MOM
! 53 571 54g 98947
i Ph.
L|CI-CIanCI . Smm
NN ©/ SO,Ph SN
MOM MOM
8 53 57g 54h 81%
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18 53i 57q 54r: 5594
[a] Yield of isolated, analytically pure produch][Obtained by Pd-catalyzed cross-coupling usingr 1
5 mol% PEPPSI-IPr and 0.9 equiv of the aryl hal[dgObtained by Cu-catalyzed allylation using 510

CuCN-2LiCI and 0.9 equiv of the allyl bromide. [@btained by Cu-mediated acylation using 1.1 equiv
CuCN-2LiCl and 0.8-0.9 equiv of the acyl chloride.

2.4.3PREPARATION OFHIGHLY FUNCTIONALIZEDANNULATEDHETEROCYCLES

Besides for common functionalization reactions sashthe ones applied above, the
zinc reagents of typ®&3 proved to be versatile organometallic intermedidiar the
construction of polyfunctional fused- and O-containing heterocycles, and a variety of
furopyridines §8), which find numerous applications in pharmaceltichemistry as
enzyme inhibitors, receptors and modifi&fs,was successfully prepared. Thus, the
previously prepared heterocyclic alcot@ala (Table 7, entry 1) was treated with NaH
(1.5 equiv) in THF (25 °C, 4 h) to furnish the dilngfuropyridine59ain 86% yield after
cyclization reaction, and subsequent oxidation g Q**° (DDQ = 2,3-dichloro-5,6-
dicyanobenzo-1,4-quinone; 3.0 equiv) afforded theedl heterocycl&8a in 82% yield
(Scheme 913%

OMe
. X
| X gr NaH(1.5equiv) | P OMe
JA__ OH THF,25°C,4h CI~ N~ O
Cl N F Br
54a 59a: 86%
DDQ (3.0 equiv)
dioxane, 100 °C, 3 h
TN
| P OMe
c”°NT O
Br
58a: 82%

Scheme 91Preparation of furopyridin8a starting from pyridyl alcohdd4a

Similarly, the dihydrofuropyridines9b was obtained in 69% yield by a thermal
cyclization reaction of the previously preparedigylzinc reagent3h (Table 5, entry 8)
with thiophene-2-carbaldehyd&7; 0.8 equiv, 50 °C, 2 h). Subsequent oxidation gisin
DDQ?*® furnished the polyfunctional furopyridiri8b in 70% vyield (Scheme 92).

199 3) A. Arcadi, S. Cacchi, S. Di Giuseppe, G. Fabfiz Marinelli, Org. Lett 2002 4, 2409. b) B. M.
Moore, S. Gurley, S. Mustafa, WO 2011/02262911 c) J. J. Nunes, M. W. Martin, R. White, D.
McGowan, J. E. Bemis, F. Kayser, J. Fu, J. LiuYXJiao, US 2006/0046972006

20E C. Taylor, J. E. Macor, J. L. Poffetrahedronl 987, 43, 5145.
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Cl @\CHO Cl Cl

S s DDQ s
| X ZnCl  (57r; 0.8 equiv) | N | (3.0 equiv) | NN |
B~ N7 F THF, 50 °C,2h g~ N\ ~O N " gioxane, 100 °C B~ >N~ O \
3h
53h 59b: 69% 58b: 70%

Scheme 92:Preparation of furopyridin®&8b starting from pyridylzinc reager&3h; additional
complexed salts are omitted for sake of clarity.

Noteworthy, such fusedN- and O-containing heteroarenes are as well accessible
starting from “heterobenzylic” ketones by a coppatalyzed ring closing reaction

recently reported bjickermann(Scheme 933

Cul (10 mol%)
DMEDA (30 mol%)

| X R KsPO, (2.0 equiv) ©|\/\/E\>’
- R
/ ° -
N e © DMF, 105 °C. 3-4 h Ne

54 60: 54-65%

Scheme 93Preparation of furoquinolines of tyB@ starting from benzylic ketones of typé.

Hence, analogously téckermanis method, the previously synthesized quinolyl
ketones540-qg (Table 7, entries 15-17) were smoothly convertedht furoquinolines
60a-cin 54-65% yield upon treatment with Cul (10 mol%}PO, (2.0 equiv) andN,N'-
dimethylethylenediamine (DMEDA,; 30 mol%) in DMF @0C, 3-4 h; Table 8).

Table 8: Preparation of furoquinolines of tygé.

Entr Heterocyclic Product
y Chloride (t, Yield®™)
(IY‘ OO
60a(4 h, 62%)
C(IYD QPO
N~ O
60b (4 h, 65%)
o)
T >
N O]
3 54q 60c (3 h, 54%)

[a] Yield of isolated, analytically pure product.

21| Ackermann, L. T. Kaspad, Org. Chem2007, 72, 6149.
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Also tetraazanaphthalenes display biorelevant beyetes. However, the methods for
their preparation outlined in the literature arenstoaightfoward®® Using our
functionalized heteroarylmethyl derivatives, thésgaazanaphthalenes are now readily
available. Thus, the previously prepared pyrimikgtone54c (Table 7, entry 3) was
treated with hydrazine (5.0 equiv) in DMF (100 4Ch) to give the tetraazanaphthalene
61in 70% overall yield after oxidation with Pb(OATY (2.0 equiv; Scheme 945°

oM
© 1) NoH, (5.0 equiv) OMe
)NI\\ DMF, 100°C,4h N7 | N
2 o 2) Pb(OACc), (2.0 equiv) PN _N
MeO”~ "N~ CI THE, 25 °C. 4 h MeO” N7 N
54 61: 70% (overall yield)

Scheme 94Preparation of tetraazanaphthal&iestarting from pyrimidyl keton&4c

2.4.4APPLICATION TO THESYNTHESIS OF BIOLOGICALLYACTIVE COMPOUND

As mentioned before, the furopyridyl motif is ofykenportance in pharmaceutical
chemistry, and great interest relies on this sulostaclass with regard to cycotoxical
studies*® In this context, especially the CB1 modifié2**®® and theLck and ACK-1

enyzme inhibitol62'°% have attracted a lot of attentidrigure 4.

OH
XN S
| T >
N~ O
CB1 modifier 62 Lck and ACK-1 enyzme inhibitor 63

Figure 4: Bioactive CB1 modifie62 and Lck and ACK-1 enyzme inhibit6s.

Therefore, we envisioned to apply our strategyht synthesis of an anlogue of the
CB1 modifier62. To this end, we decided to modify the structuréin that manner
that the 1,1-dimethylheptyl group was replacedhgytighly lipophilic adamantyl group,
which displays an essential motif in medicinal ckem>®* Thus, the previously
prepared fused heterocyci8b (Scheme 92) was subjected to a Pd-catalydedishi
cross-couplin® (2 mol% Pd(OAG), 4 mol% SPhd$d) with the adamantylzinc reagent

2923) W. R. Mallory, R. W. Morrison]. Org. Chem198Q 45, 3919. b) V. L. Styles, R. W. Morrison JJ.,
Org. Chem1985 50, 346.

2033, K. Kochi,Org. React1972 19, 279.

%4 For a review on the application of adamantanevdgvies in medicinal chemistry, see: L. Wanka, K.
Igbal, P. R. Schreine€Chem. Rev2013 113 3516.

2% J. E. Milne, S. L. Buchwaldl. Am. Chem. So2004 126, 13028.
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64°°° (1.1 equiv, THF, 60 °C, 1 h) to furni€b in 67% yield. Subsequent treatment with
sodium p-methoxyphenyl)methanolate (PMBO-K¥)afforded the alkoxy-heterocycle
66 in 63% yield. Finally, after deprotection of th#B (p-methoxybenzyl)-group with

trifluoroacetic acid®® the CB1 modifier analogu? was obtained in 73% yield (Scheme

95).
@\ZnCI
cl (64; 1.1 equiv)
Pd(OAc), (2 mol %)

| NS | SPhos (4 mol %)

Br~ >N O \ THF, 60 °C, 1h
NaH (1.3 equiv)
58b

PMBOH (1.2 equiv)
DMF, 140 °C, 2 h

OMe

CF3COZH (20 eqUiV)

CH,Cl, 25°C,1.5h

67: 73%
CB1 modifier analog

OH
AN S
| I
N~ O

62: CB1 modifier

Scheme 95:Synthesis of the CB1 modifier analogéeé starting from the previously prepared
polyfunctional heterocyclB8b; additional complexed salts are omitted for sakearity.

2% For the preparation of the adamantylzinc reagdnsee: C. Samann, V. Dhayalan, P. R. Schreiner, P.
Knochel,Org. Lett.2014 16, 2418.

27 For the preparation of PMBO-Na, see: a) P. C. @ak.-R. Alexandre, T. Convard, D. Surleraux, WO
2012/109398, 2012. b) J. M. Berge, P. Brown, El8er, A. K. Forrest, D. W. Hamprecht, R. L. Jatyes
D. J. McNair, R. J. Sheppard, WO 99/5567999

298 For the depotection of PMB-groups, see: M. LliBasnet, J. Bordeleau, C. Godbout, M. Leblanc, B.
Moreau, J. O'Meara, WO 2011/0635@®911
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3. NEW IN SITUMETALATIONS OF FUNCTIONALIZED ARENES ANDHETEROCYCLES

WITH TMPLI IN THE PRESENCE ORZNCL, AND OTHERMETAL SALTS

3.1INTRODUCTION

Functionalization of arenes and heteroarenadithiation displays a versatile tool in
organic synthesis and has found numerous applisatio pharmaceutical, agrochemical
and material scienc@?® In this context, especially TMPYf as a strong base has
attracted a lot of attention when it comes to nadiah of rather unactivated
(hetero)arenes. However, due to the high reactigityTMPLI, the functional group
tolerance of this base is limited, precluding tiecient metalation of sensitive substrates
functionalized with ester, cyano or nitro groupso this end, a wide range of
chemoselective and less reactive amide bases leaspvepared'® including the LiCl-
complexed magnesium bases TMPMgCI-t{Gind TMRMg-2LiCl,** as well as the
zinc-derived amides TMPZnCl-Li€land TMBZn- 2LiCI**®° and the scope of some of
these bases could further be extended by the usewd$ acids such as BFOEb.'® To
overcome the rather limited functional group coniplty of lithium organyls generated
by TMPLI, metalation reactions using this base waten conducted in the presence of
electrophiles (Barbien situ trapping)'®4%°

During our studies with varioull-heterocycles, we often encountered heteroarenes
which, on the one hand, could not efficiently betateged with magnesium bases such as
TMPMgCI-LiCl and TMBMg-2LiCl, but, on the other hand, readily decompos¢
-78 °C within a few minutes or immediately afteddnbn of the stronger lithium bases
TMPLi and LDA® Having the above mentionéd situ trapping methods in mind, we
therefore envisioned the deprotonation of (heteemyes68 using TMPLI in the presence
of metal salts such as ZnCMgCl,, CuUCN and LaGl giving a practical access to the
corresponding Zn-, Mg-, Cu- and La-organometallidsus, when mixing substratés$
with the metal salts, subsequent treatment with TIMF78 °C, 5 min) should first lead
to a kinetic lithiation and then, to transmetalatad the thus prepared lithium reageé®s

with the metal salt present in the reaction mixtoesulting in a thermodynamically more

209 3) J. ClaydenQrganolithiums: Selectivity for Synthesi&lsevier Science Ltd., Oxford, UK3002 b)

M. SchlosserQrganometallics in Synthesi8? ed. (Ed.: M. Schlosser), Wiley, New Yor013 Chapter

1. c)Fieser and Fieser's reagents for organic synthealdey, Hoboken2011, and earlier volumes. d) R.
E. Mulvey, S. D. Robertsoingew. Chem. Int. EQ013 52, 11470. e) C. Unkelbach, D. F. O'Shea, C.
Strohmann,Angew. Chem. Int. E®014 53, 553. f) A. Salomone, F. M. Perna, A. Falcicch$, O.
Nilsson Lill, A. Moliterni, R. Michel, S. Florio, DStalke, V. CapriatiChem. Sci2014 5, 528.

210 3) R. E. Mulvey, F. Mongin, M. Uchiyama, Y. Kondangew. Chem. Int. EQ007, 46, 3802. b) A.
Harrison-Marchand, F. MongiGhem. Rev2013 113 7470. c) E. Crosbie, A. R. Kennedy, R. E. Mulvey,
S. D. RobertsonDalton Trans.2012 41, 1832. d) Y. Kondo, M. Shilai, M. Uchiyama, T. &ahoto,J.
Am. Chem. S0d.999 121, 3539. e) F. Mongin, A. Bucher, J.P. BazureauB&yh, H. Awad, F. Trécourt,
Tetrahedron Lett2005 46, 7989.
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stable organometallic7Q), which readily reacts with electrophiles to fugtmithe
appropriate products of typ&@l For a successful realization of this lithiation-
transmetalation method, it has to be provided thatreaction between TMPLI and the
(hetero)arené8 is faster than the transmetalation of TMPLIi witle imetal salt present.
In this context, it should be noticed that subssabf type68 are unreactive towards
metalation with TMPZnCI-LiCl at -78 °C (Scheme 96).

H ZnCl, 7(,\)? ZnCl,
-78 °C Il_i -78 °C
68 TMPLI
ZnCI-LiCl
ek

70 ZnCI-LiC

- e

E
no reaction
71 I: H
Li 68 _ ZnCl,
<«——— TMPLi —~——> TMPZnCI-LiCl
very fast fast

69

Scheme 96:Reaction of a mixture of Zng€land aromatic or heterocyclic substr&@ with
TMPLi at -78 °C leading to zinc reagents of tyfievia a lithiation-transmetalation sequence; X
=N, CH.

3.2METALATION OFSENSITIVEFUNCTIONALIZEDHETEROARENES USINEMPLI IN THE
PRESENCE OIMETALSALTS

As mentioned before, during our studies we wererofaced withN-heterocycles,
mainly pyridines, which were difficult to functiolize by direct metalation using amide
bases. In this regard, the metalation with amideshsas TMPMgCI-LiCf*
TMP,Mg- 2LiCI*> or TMP.Zn-2MgC}- 2LiCI®® proved to be insufficient with respect to
the conversion of the metalation process, or thee tthat was necessary to reach a
consumption of the starting material above 60%cdntrast to this, treatment of these
substrates at -78 °C with lithium derived baseshsas TMPLi*® and LDA™ mostly
resulted in decomposition of the heteroarenes redtinectly after the addition of the base
or within 5 min at the indicated temperature. Watlr lithiation-transmetalation strategy
in hand, these problems could successfully be oneec When mixing the heteroarene
with a metal salt (ZnG] MgClL, CuCN or LaC) and treating it with TMPLI, the
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heteroarene was indeed first lithiated to genesatather unstable kinetic intermediate,
but instead of decomposing, these reactive orgatadiine were readily transmetalated
with the metal salt present in the reaction mixtiordorm the corresponding Zn-, Mg-,
Cu-or La-reagents showing an excellent thermalilgiab

The metalation of thiomethyl-substituted pyridie@a™* for example, proved to be
quite challenging. While no conversion could beedttd via GC when 68a was
subjected to deprotonation with TMPMgCI-LiCI (0 °Ch) or with the frustrated Lewis
pair TMPMgCI- LiCI/BR;- OE% (-40 °C to 0 °C, 4 h), treatment with TMPLI at -7A8 for
5 min gave full consumption of the starting matetat 91% decomposition. Similarly,
using TMRMg- 2LiCl at -20 °C for 1.5 h led to 70% conversibnt 38% decomposition.
In contrast to this, the pyridirgBawas readily metalated with TMPLi (1.5 equiv) ireth
presence of ZnGi2LiCl, MgChk-2LiCl or LaCk-2LiCl (1.1 equiv) to give, after

iodolysis, the iodid@1ain 68-87% vyield (Scheme 97y

1) metal salt (1.1 equiv) '

| - Br 2) TMPLi (15 equiv) | X Br
NT “SMe THF, -78 °C, 5 min N SMe
68a 71a: 76% (with ZnCl,-2LiCl)

87% (with MgCly-2LiCl)
68% (with LaCly-2LiCl)

Scheme 97: Metalation of pyridine68a using TMPLi in the presence of ZnQLiCl,
MgCl,- 2LiCl or LaCk- 2LiCl.

Besides iodolysis, other reactions such Megishi cross-coupling$’® Negishi
acylationé'® and addition reactions t&benzenesulfonothioates were successfully
conducted to produce the corresponding pyridifesf (Table 9). Thus, when pyridine
68awas subjected to metalation with TMPLI (1.5 equivthe presence of ZngPRLICH
(1.1 equiv), the resulting zinc reagent readilycted in a Pd-catalyzed cross-coupling
(3 mol% Pd(dbg) 6 mol% P(2-furyl)) with 0.9 equiv of ethyl 4-iodobenzoaté2g) to
give the highly functionalized pyridinélb in 80% yield (Table 9, entry 1). Similarly,
Negishicross-couplintf® with the aryl iodide72b produced the heterocycld.cin 62%
yield, while coupling with the sterically demandingdo heteroaren&2c (0.9 equiv)
furnished the desired produgfid with only a moderate yield of 39% attributed te th
bulkiness of the electrophile (entries 2 and 3)teMmrthy, initial attempts to perform

acylation reactions with the pyridif8awere less successful. Sinceiarsitu quenching

2 For details on the preparation of this substraiease refer to: C. Experimental Section.

212 The complexation of the metal salts by LiCl entemnthe solubility and often increases the reaction
yields by ca. 10-20%.

B E -i- Negishi, V. Bagheri, S. Chatterjee, F. Tol.U. A. Miller, A. T. Stoll, Tetrahedron Lett1983 24,
5181.
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with CuCN- 2LiCl only led to decomposition of therjoyne 684, for acylations reactions
other strategies had to be performed. Thus, wherzitic reagent derived fro68a was
transmetalated with CUCN-2Li? (1.5 equiv) and reacted with benzoyl chlorid@@d:
0.9 equiv), the resulting keton&le was obtained in 22% vyield (entry 4). An
improvement could be achieved whé®a was treated with TMPLi in the presence of
LaCls-2LICI (1.1 equiv) to form a lanthanium intermedialvhich was subsequently
acylated with72d furnishing the keton&lein 30% vyield (entry 5). However, best results
were obtained metalating8a with TMPLi/ZnCl- 2LiCl and performing aNegishi
acylatiorf** using 2 mol% Pd(PRJ to afford the desired aroylated pyridifidein 56%
yield (entry 6). Finally,68a was successfully treated with TMPLI/Mg&2LICI to give
the thioether 71f in 60% vyield after reaction withS(3,4-dichlorophenyl)
benzenesulfonothiodf¥ (72e 0.9 equiv; entry 7).

Table 9: Reaction of pyridinéé8a with TMPLI in the presence of Zng&PLICI or MgCh- 2LiCl
and subsequent functionalization with electrophiietype72.

Entry Substrate Electrophile Product, Yield™
CO,Et
B CO,Et - l
X oF 2
» iy "L.*
N~ >SMe | SMe
1 68a 72a 71b: 8094°1dl
CN
B CN - |
X r
» iy o
N~ >SMe | SMe
2 68a 72b 71c 6294°1d
OMe
Cl /|N
OMe ~
B N /I N" OMe
N Na
| _ - J\ Br
N SMe | N~ "OMe SMe
3 68a 72¢ 71d: 3994°1d
o)
B i - |
X r
| _ Cl)b Nx Br
N~ >SMe SMe
4 68a 72d 71e 2204Pel
71e 30%"
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6 71€; 5694°/19!
Cl
cl
S\SOZPh A S
B N |
| P cl N Br
N SMe Cl SMe
7 68a 72e 71f 60949

[a] Yield of isolated, analytically pure produch][ZnCh- 2LiCl was added. [c] Mg&I2LICl was added.
[d] Obtained by a Pd-catalyzed cross-coupling uSimgol% Pd(dba) 6 mol% P(2-furyl} and 0.9 equiv of
aryl iodide. [e] Otbained by a Cu-mediated acylatising 1.5 equiv of CUCN-2LiCl and 0.9 equiv oflac
chloride. [f] LaCk: 2LiCl was added. [g] Obtained by a Pd-catalyzedadion using 2 mol% Pd(PRk and

0.9 equiv of acyl chloride.

Worth mentioning, this lithiation/transmetalatiomasegy could be extended to other
functionalized pyridines68b, 68c and 68d) bearing sensitive groups such as cyano-,
ester- and nitro-substituents. No attack of TMPLihe generated lithium intermediates
onto these elctrophilic moieties was observed,itepthe heterocycles intact. Although

some of these heteroarenes may be metalated ffeeedt mannef:4%+>2%8

our strategy
displays a simple preparative alternative, whichmeatly delivers the appropriate
organometallics within 5 min. In this context, lwes Zn- and Mg- salts, also
CuCN-2LiCl could successfully be employed in thistinod, giving, among others, a
direct access to acylated and allylated derivati$efeme 98 and Table 10).

1) Zn-, Mg- or Cu-salt (1.1 equiv)
2) TMPLi (1.5 equiv)

N 3) E* (72; 0.7-1.0 equiv) N
(\_FG ' > E;—/\—FG
N/) THF, -78 °C, 5 min, then 25 °C kN/)
68: FG = CO,Et, CN, NO, Cl 71: 80-96% yield

Scheme 98Metalation of pyridine$8 using TMPLI in the presence of Zn-, Mg- or Cu-sahd
subsequent functionalization with electrophiles.

In this fashion, cyanopyridiné8b was metalated with TMPLi in the presence of
ZnCl,- 2LiCl to furnish the arylated produciig in 90% yield after Pd-catalyzed cross-
coupling (Table 10, entry #}7 The concomitant use of TMPLi and CuCN-2LiCl

214 For 68b, an alternative metalation with TMW®n-2MgCl-4LiCl at 0 °C within 45 min is possiblees
S. H Wunderlich, M. Kienle, P. Knochéingew. Chem. Int. E@009 48, 7256.

215 For 68¢, an alternative metalation with TMEh-2MgC} 2LiCl at 25 °C within 5 h is possible, see:
reference 65a.

1% For 68d, an alternative metalation with TMEn- 2MgClh 2LiCl at -40 °C within 1.5 h is possible, see:
reference 65a.
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successfully converte®8b to a copper species, and subsequent allylatioh &it
bromocyclohex-1-ene7@g 1.0 equiv) afforded the pyridinélh in 96% vyield (entry
2)2'" Also, ethyl 2-chloronicotinate 68¢ was subjected to TMPLi/Mggl and
TMPLI/CuCN- 2LiCl to give the expected produc@thi-j in 94% yield each after reaction
with the electrophileg2h (1.0 equiv) and72i (0.8 equiv; entries 3 and #f Similarly,
the nitropyridine 68d was readily metalated using TMPLi in the preserafe
ZnCl,- 2LIClI. After Negishicross-coupling with 1-iodo-4-(trifluoromethyl)besree 72j;
0.7equiv), the appropriate heterocyélkk was obtained in 80% vield (entry 8Y.

Table 10: Reaction of pyridine$8 with TMPL.i in the presence of ZngIMgCl, or CuCN and
subsequent functionalization with electrophilesypie 72.

Entry Substrate Electrophile Product, Yield™
CO,Me
N” el
1 68b 71g 9094PIeI2LY
CN ~ |
B
S B
N" el Cl
2 68b 729 71h: 969421
0
- COEt CHO =0
(X oy »
N~ >cl N~ >Cl
3 68c 72h 71i: 94944218

o =

o CO2Et N |

| P CI)JW CO,Et
Cl

4 68¢c 72i 71j: 94941718

2" These experiments were conducted by A. Frischmnthare given here for sake of completeness. For
further experimental details, see: Ph.D. thesisettenFrischmuth, LMU Munici2014
28 These experiments were conducted by M. Fernamitta@ given here for sake of completeness.
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CF,
=
| \/ NO, /©/0F3 Ne | ‘o,
N Cl | Cl
5 68d 72 71k 8094PIe12L7

[a] Yield of isolated, analytically pure produch][ZnCl-2LiCl was added. [c] CuCN-2LiCl was added.
[d] MgCl, was added. [e] Obtained by a Pd-catalyzed crosplcg using 2 mol% Pd(dba)4 mol% P(2-
furyl); and 0.9 equiv of aryl iodide.

3.3 UNPRECEDENTEDREGIOSELECTIVITIES IN THEMETALATION OF(HETERQARENES USING
TMPL IN THE PRESENCE OMETALSALTS

Among our observations regarding sensitive arormatiech as the ones mentioned
before, during our studies, we came across anethar more important characteristic of
this in situ trapping method. For example, the metalation diyleB-cyanobenzoate
(73)?* with TMP,Zn-2MgCh- 2LiCl (0.55 equiv) takes 30 h at 25 %% and we therefore
envisioned to subject this sensitive arene to ast &nd direct lithiation/transmetalation
strategy. To this end, we tested different met#fsSa combination with TMPLi and
found the system TMPLI/ZngI2LICl to give the best results. However, the omteaof
this metalation strategy was surprising.

The calculated pKvalue$*® for the different positions of ethyl 3-cyanobenzof3)
indicate H(2) to be the most acidic proton. Thugtatation with TMPMQgCI-LiCl led,
after iodolysis, to the thermodynamically more taiodide 74 in 46% (position 2 :
position 6 = 96:4; Scheme 99). In contrast, duthéokinetic nature of TMPLI, treatment
of 73 with this base in the presence of Zn@LICl allowed a lithiation in the sterically
less hindered position 6 with a calculated pKa eata. 10 times more basic than H(2)
and adjacent to the most powerful directing grotie ethyl ester moiety. Usually, this
ring position is notoriously difficult to metalatelowever, metalation 6f3 was complete
after 5min at -78 °C and afforded, after iodolysiee corresponding iodid&5a
accompanied by ca. 15% of the iodidd, which was easily separated by column
chromatography to furnish the pure aryl iodidga in 54% vyield and with a good
regioselectivity (position 2 : position 6 = 22:78¢heme 99). Noteworthy, independently

19 The calculations for the C-H acidities have beenducted by F. Achrainer following the protocol
proposed byGuo and coworkers, see: K. Shen, Y. Fu, J.-N. Li, y,1Q.-X. Guo,Tetrahedron2007, 63,
1568. For more details, see: A. Frischmuth, M. Badez, N. M. Barl, F. Achrainer, H. Zipse, G. Berqg

H. Mayr, K. Karaghiosoff, P. Knochejngew. Chem. Int. E@014 DOI: 10.1002/anie.201403688.
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generated “(TMRYEnLI-2LiCI"?*° metalates73 with a decreased regioselectivity of
44:56 (C(2):C(6)) and only a low conversion aftenih at -78 °C.

1) ZnCly-2LiCl
(1.1 equiv)
| 2) TMPLi 57 1 399 1) TMPMgCI-LiCl
(1.5 equiv) '/@\39.9 (1.1 equiv)
- -
NC COEt  -78°C.5min | NC COEt| 25°C,1h NC COEt
36.4 I
3) 1y 2) I,
75a: 54% 73lal 74: 46%
C(2): C(6) = 22:78 C(2): C(6) = 96:4

Scheme 99:Regioselectivity switch in the metalation of etl®ytyanobenzoater8) by TMPLI
in the presence of ZnERLICI or by TMPMgCI- LiCl. [a] Calculated pKvalues for H(2), H(4),
H(5) and H(6).

Yet, using TMPLi and ZnGI2LiCl gives access to a zinc reagent which was
subjected to further functionalizations in positiénfurnishing, afterNegishi cross-
coupling with aryl iodides2b and723a, the corresponding 6-arylated derivativish-c
in 84-87% yield and with a crude regioselectivifyB6:14 and 88:12, respectively (Table
11, entries 1 and 2). Similarly, a copper-mediagdiglation and acylatiofi® was
performed with the generated zinc intermediateffiaré the 6-functionalized aren@sd
and75ein 50-79% vyield (entries 3 and 4).

Table 11: Reaction of aren@3 with TMPLi in the presence of Zn£PRLICI and subsequent
functionalization with electrophiles of tyg&.

. Product Regioselectivity
Entry  Substrate  Electrophile (T t, Yield[a]) (C(6):C(2))

CO,Et

i 'C NC g CO,Et
1 73 72b 75k (25 °C, 4 h, 84%)L9 86:14

CO,Et /©/002Et COEt

Q..
CO,Et

2 73 72a 75 (25 °C, 4 h, 87%)L9 88:12

% a) A. Seggio, F. Chevallier, M. Vaultier, F. MongiJ. Org. Chem.2007, 72, 6602. b) J.-M.
L'Helgoual'ch, A. Seggio, F. Chevallier, M. YonehaE. Jeanneau, M. Uchiyama, F. MongInOrg.
Chem.2008 73, 177. c) K. Snégaroff, S. Komagawa, F. ChevallerC. Gros, S. Golhen, T. Roisnel, M.
Uchiyama, F. MonginChem. Eur. J201Q 16, 8191. d) F. Chevallier, Y. S. Halauko, C. Pecdelk.
Nassar, T. U. Dam, T. Roisnel, V. E. Matulis, O.l¥ashkevich, F. MonginQrg. Biomol. Chem2011, 9,
4671. e) P. Garcia-Alvarez, R. E. Mulvey, J. A.l@@on,Angew. Chem. Int. E@011, 50, 9668.
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CO,Et ‘
fi O g
NC

CN CO,Et

3 73 729 75d (-40 °C, 4 h, 799§ 80:20

Cl
(0]
CN
NC CO,Et

4 73 72d 75€ (25 °C, 16 h, 509} 8515

[a] Yield of isolated, analytically pure produdb] ZnCl- 2LiCl was added. [c] Obtained by a Pd-catalyzed
cross-coupling using 3 mol% Pd(dhad mol% P(2-furyl) and 0.7 equiv of aryl iodide. [d] Otbained by a
Cu-mediated allylation using 1.5 equiv of CUCN-2L&dd 0.7 equiv of acyl chloride. [e] Otbained by a
Cu-mediated acylation using 1.5 equiv of CUCN- 21464 0.7 equiv of acyl chloride.

Analogous regioselectivity switches were also oles@rfor 2,4-dichlorobenzonitrile
(76) and ethyl thiophene-2-carboxylate77(.*}’ When 76 was treated with
TMPZnCI-LiCl at 60 °C for 1 h, subsequent iodolyiigished the 3-iodo derivativi8
in 78% vyield due to H(3) being the most acidic protThis regioselectivity in metalation
was different to the one obtained upon the conamhiuse of TMPLi (1.5 equiv) and
ZnCl,-2LICl (1.1 equiv), which, due to thertho-directing effect of the cyano
substituent? occured in position 6, although H(6) is®lfimes less acidic than H(3).
After iodination, the corresponding 6-iodo derivatVr9awas obtained in 74% yield with
a regioselectivity of ca. 95:5 (position 6 : pamiti3; Scheme 100). AccordingMegishi
cross-couplinyy® affords the 6-arylated areff®b in 68% yield. This reaction sequence
could be extended to the use of the metal salts IMBOCI and CuCN-2LiCf°
producing the desired derivativé8c and79d in 75-89% vyield after reaction wit8-(4-
fluorophenyl) benzenesulfonothio&te (72k; 0.9 equiv) and 3-bromocyclohex-1-ene
(72g 0.9 equiv; Scheme 100).
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1) ZnCly-2LiCl
I c 2 TMPLI 16 cl | 1) TMPznCI-LiCl cl
O (1.5 equiv) ' (1.1 equiv)
- —_—
-78°C, 5min | 328 27.1 60°C, 12 h I
o] 3) I Cl 2) 1, o]
79a: 74% 76 78: 78%
// CI /©/S‘// Cl // CI
F
Cl Cl Cl
79b: 68%!°! 79¢c: 75% 79d: 89%
in situ quench with in situ quench with in situ quench with
ZnCly-2LiCl MgCl,-2LiCl CuCN-2LiCl

Scheme 100:Regioselectivity switch in the metalation of 2,4tdbrobenzonitrile 76) by

TMPLi in the presence of metal salts or TMPZnCl-ILi@] Calculated pKvalues for H(3), H(5)
and H(6). [b] Obtained by a Pd-catalyzed cross-ttogmwith 2% [Pd(dbag) and 4% P(2-furyh

at25°Cin2h.

Similar results were obtained for the heterocydeAs calculations of the pivalues
reveal’’® H(5) is ca 10 times more acidic than H(2). Thus, metalation wih
TMPMgCI- LiCI** readily furnished, after iodolysis, the thermodwizally favored 5-
iodinated thiophen80 in 60% vyield. However, due to tletho-directing”® effect of the
ester moiety, metalation with TMPLi in the presemdeZnClL occured in position 2,
affording the corresponding 2-iodinated compow@id in 64% vyield (Scheme 101).
Accordingly, this metalation process was succelystused for the preparation of the
appropriate thienyl derivative&lb and81cin 70-73% yield (Scheme 101).

1) ZnCl,-2LiCl
(1.1 equiv)
I 2) TMPLI 391 371 1) TMPMGCL-LICI 7=
@ (1.5 equiv) @\ (1.1 equiv) I’@\COQEt
s” TCOEt  sgec 5min [31.5 ST COEt o500
81a:64% 32 77 2) 1, 80: 60%

OMe

@ Q\\COZEt

s~ TCO,Et
81b: 73%lP! 81c: 70%
in situ quench with in situ quench with
ZnCl, CuCN-2LiCl

Scheme 101Regioselectivity switch in the metalation of ethlyiophen-2-carboxylater) by
TMPLi in the presence of metal salts or TMPMgCI-Li{a] Calculated pKa values for H(3),
H(4), and H(5). [b] Obtained by a Pd-catalyzed srosupling with 2% [Pd(dbg)and 4% P(2-
furyl); at 25 °C in 0.5 h.
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7.SUMMARY AND OUTLOOK

The first part of this work focused on the develepinof a convenient and general
regioselective functionalization of all ring positis of the 7-azaindole scaffold. To this
end, starting from simple 2-amino-5-bromopyridin@ appropriately substituted
azaindole precursor was prepared which allowea dsrtctionalize the 7-azaindole ring
in a predictable manner using a combination ofatii@ metalation, halogen/magnesium
and sulfoxide/magnesium exchange. Furthermore,gireeral preparation of various
heteroarylmethylzinc reagents by LiCl-promoted zinsertion into the corresponding
chloromethyl heteroarenes, along with a facile atdightforward synthesis of these
chloromethyl precursors displayed a major part his twork. The obtained zinc
compounds were subjected to Pd-catalyzed crosdingapCu-mediated acylations, Cu-
catalyzed allylations and addition reactions tcehidles. In addition, they proved to be
versatile intermediates for the construction ofeflitl- and O-heterocycles and gave
access to an analogue of a reported CB1 modifiealll, a lithiation/transmetalation
strategy for the metalation of sensitive functitwed arenes and heteroarenes was
developed, using the strong amide base TMPLI inpilesence of metal salts such as
ZnCl,, MgCl,, CuCN and LaGl This in situ trapping method not only allowed the
metalation and functionalization of sensitive heteenes, but also provided metalated
intermediates with a different regioselectivity tioe one produced with moderately
powerful bases such as TMPZnCI-LiCl or TMPMgCI-Li@iving access to higly
functionalized organometallics difficult to preparterwise.

7.1 SYNTHESIS AND FULL-FUNCTIONALIZATION OF THE 7-AZAINDOLE SCAFFOLD VIA
SELECTIVEMETALATION ANCSULFOXIDE/MAGNESIUMEXCHANGE

In our search for a general and regioselective atkfbr the full functionalization of
the 7-azaindole scaffold, we decided to preparaporopriately substituted 7-azaindole
precursor 18, which bears hidden organometallic pathways givatggess to fully
functionalized 7-azaindoles of tyge Thus, this 7-azaindole derivatii® allowed us to
use a combination of directed magnesiations améations with TMPMgCI-LiCl and
TMPLI, as well as halogen/magnesium and sulfoxidginesium exchange by means of
IPrMgCl- LiCl (Scheme 102).
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® © @
cross- coupllng iodination and

selective
|od|ne/magne3|um exchange

sulfoxide/magnesium

R3 R exchange

R2s 14 s A “ §
ol N\_R5 —> r \ Cl< dechlorlnatlon and
R1” NZ N 2 directed magnesiation
1\
7 MOM selectlve MOM
4 dlrected 18
metalation

Scheme 102Key 7-azaindolel8 allowing the preparation of fully substituted 7Zaawoles of
type4; Ar = 4-methoxy-3,5-dimethyl-phenyl.

Thereby, the key precurst8 was prepared in 7 steps in an overall yield of 485
commercially available 2-amino-5-bromopyridirte $cheme 103).

SIMe3
Iz, HIO _Br — 7Mes Br 1) NaH m
~
PPh3)QCI2 2)NaH N
Ha Cul NH;  momcCl MOM
6: 96% 8: 95% 1: 73%
lTMPLi
PhSO,CI
O Br
g ” nBuli g
AN g | L TMPMgCtLict Ar” m _MgC T N
NZ N T ®CLe), “amsocl ONTTN
\ 20 MOM
18: 979%MOM 21: 90% 19: 82%
7 steps

48% overall yield

Scheme 103Synthesis of the key 7-azainddl@from 2-amino-5-bromopyridinesy.

With our new functionalization strategy, variousacgons could be performed
including cross-couplings, acylations and allylacas well as addition reactions $o
benzenesulfonothioates, readily furnishing a wiglege of polysubstituted 7-azaindoles
in excellent yields and in a general manner. IneBwh 104, an exemplary route to the
full-functionalized 7-azaindoléb is displayed.

Since highly functionalized 7-azaindoles are of keyortance in pharmaceutical
chemistry and material science, this method cargesat potential allowing to
functionalize the 7-azaindole backbone stepwise pmedictable, convenient and general
manner and furnishing polyfunctional 7-azaindolawdgives in very good yields.
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O Br o <l 1) sulfoxide/magnesium
§ 1) TMPLi (halogen dance) g --- exchange
Ar” | N\ cl 2) C4-functionalization Ar” | N\ ol 2) C5-iodination
NN B N7 N
MOM MOM
18 27a: 91%
Cl 1) iodine/magnesium Cl
EtO.C. exchange I
C6-functionalization 2 ;"l \/ AN cl :2) C5-functionalization \/ A cl
g Br” "N~ N
MOM MOM
30a: 95% 29: 60%
1) iodination
Cl 2) iodine/magnesium

EtO,C exchange
mu 3) C3-functionalization
\ _

35b: 84%

1) dechlorination
2) TMPMgCI-LiClI
3) C2-functionalization
Me

A

Scheme 104Full Functionalization of the 7-azaindole scaffofd = 4-methoxy-3,5-dimethyl-
phenyl.

7.2PREPARATION ANOREACTIONS OFHETEROARYLMETHYLZINBEAGENTS

Highly functionalized zinc reagents are an impdrtalass of organometallics for
organic synthesis. We therefore envisioned the Idpugent of a method for the general
preparation of heterocyclic benzylic zinc reageb®sstarting from the corresponding
heterocyclic chloromethyl precursct8, along with a facile and convenient approach to
these heterocyclic chlorided8). Thus, readily available heteroaryl organometslfbl)
were transformed into the corresponding (dimethyhaymethyl derivatives49) to give
the appropriate “heterobenzyl” chloride48) after chlorination of the amino group.
Then, these chloromethyl derivatives were subjedtedLiCl-promoted direct zinc
insertion to furnish various heteroaromatic zinenpounds, which reacted with a wide
range of electrophiles in cross-couplings, allglas, acylations and addition reactions to
aldehydes andSbenzenesulfonothioates. Some examples for the -abtasned
polyfunctional heterocycles4 are given in Scheme 105.
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Me ®
/N:CHZ
Me o
M OCOCF; CICO,Et
[ ol _ 52 ,NMez 50 @ a1 2Zn LiCl E
—_—
2)E*
51 49 48 54
[Met] = [Zn], [Mg]
N
c CO,Et
X X
I | ) A o WCI
N~ N A
MOM MOM MeO
54i: 85% 54g: 98% 54c: 88% 54b: 93%
QjA# 1
A
@(\IYD c
~
N~ el CO,Et N“ el N" e © OMe
54k: 70% 54j: 76% 54p: 67% 54e: 85%

Scheme 105:Preparation of chloromethyl heterocycles of ty# their conversion to zinc
reagents of typ&3, and subsequent functionalizations leading to ypetslof typeb4.

Moreover, these heteroarylmethylzinc reagents mraeebe versatile tools for the
preparation of fused\N- and O-heterocycles, and hence, gave a short access to
furopyridines, furoquinolines as well as tetraazdnthalenes (Scheme 106).

Cl

S e, g =l

53h 59b: 69% 58b: 70%
Cul
R DMEDA
® o O
/
N N O
54 60a: R = phenyl: 62%

60b: R = cyclobutyl: 65%

OMe
NN 1) NoH,
)I\ _ 0 2) Pb(OAc),
MeO”~ "N~ “Cl
54c 61: 70% (overall yield)

Scheme 106:Preparation of fusedl- and O-heterocycles of typ®8, 60 and 61, additional
complexed salts are omitted for sake of clarity.

Furthermore, starting from the previously prepai@@pyridine 58b (Scheme 106),
our methodology allowed us to prepare the annula&tdrocycles7, which displays an
analogue of a reported CB1 modifié2{ Scheme 107).
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cl
% ZnCl

s
N C 64
B~ ~NF O Pd(OAG),, SPhos
58b 65: 67%

lPMBO-Na

67 73%
CB1 modifier analog

OH
N S
T >
N~ O

62: CB1 modifier

Scheme 107Synthesis of the CB1 modifier analogé@ starting from the previously prepared
polyfunctional heterocyclé8b; additional complexed salts are omitted for sakeclarity;
PMBO-Na = sodiumgara-methoxyphenyl)methanolate.

This methodology gives access to a variety of lbatgtmethylzinc derivatives not
easily available otherwise. As these organozingeets, furthermore, give rise to a wide
range of fusedN- and O-heterocycles and well-tolerate functional groups; strategy

should find many applications in pharmaceuticatpagemical and material science.

7.3 NEW IN SITUMETALATIONS OFFUNCTIONALIZED ARENES ANDHETEROCYCLES WITH
TMPL IN THE PRESENCE OZNCL,; AND OTHERMETAL SALTS

Often, the efficient metalation dfi-heterocycles such as pyridines turns out to be
problematic. Some of these heterocycles cannot esstdly be metalated with
moderately powerful bases such as TMP-derived nsagmeand zinc amides, but in
contrast, are prone to fast decomposition, eveit&fC, upon treatment with stronger
bases such as TMPLi and LDA. To this end, a pralkcéind convenient procedure for the
metalation of sensitive functionalized heterocyd@&susing TMPLI in the presence of
metal salts such as ZnCMgCl, LaCk and CuCN was developed, readily furnishing the
corresponding Zn-, Mg-, La- and Cu-organometalli@gScheme 108).
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1) Zn-, Mg-, La- or Cu-salt

X 2) TMPL P + A
LFG »  [Met]5- —FG E EI_/H‘FG
| - THF, -78 °C, 5 min A — L _
N N N
68 70 71
FG = CO,Et, CN, [Met] = [Zn], [Mg], [La], [Cu]
Nqu Cl, SMG, Br COzEt
N N N
Z>pr By N Br cl
SMe SMe SMe
71a: 68% 71b: 80% 71f: 60%
in situ quench with LaCl5-2LiCl in situ quench with ZnCl,-2LiCl in situ quench with MgCl,-2LiCl
CF,4
= Q =
Na | N © Na |
CN | P NO,
Cl N~ ~Cl Cl
71g: 96% 71i: 94% 71k: 80%
in situ quench with CuCN-2LiCl in situ quench with MgCl,-2LiCl in situ quench with ZnCl,-2LiCl

Scheme 108Metalation of pyridine$8 using TMPLi in the presence of Zn-, Mg- and Cussal
and subsequent functionalization with electrophiles

When mixing the substrat€&8 with a metal salt, the addition of TMPLi led first a
Kinetic lithiation to generate rather unstableilith derivatives, which were directly
transmetalated with the metal salt present in teactton mixture to afford the
thermodynamically more stable organometall®® These derivatives could then be
subjected to various reactions including cross-togg, allylations, acylations and
addition reactions to aldhehydes affording the fumigtional heterocyclegl (Scheme
108).

Furthermore, this lithiation/transmetalation stggtegave access to a variety of
organometallics showing a regioselectivity differém the one obtained upon treatment
with Zn- and Mg-amide bases. Due to thermodynarfiects, TMPMgCI-LiCl and the
appropriate zinc bases allow the deprotonatiorhefrhost acidic protons. In contrast,
metalation with TMPLI is of kinetic nature and afteccurs on less sterically hindered
positions, which might additionally be adjacentatalirecting group such as esters and
cyano-substituents. Thus, using tlvissitu trapping method, several (hetero)aromatic
systems such as ethyl 3-cyanobenzo@B: §nd ethyl thiophene-2-carboxylatér) were
readily functionalized in positions not accessivith moderately powerful Mg- and Zn-
amides (Scheme 109).
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1) ZnCly-2LiCl 39.9
' 2) TMPLI 37-@\39.9
-~
3)1 NC CO,Et
NC CO,Et ) 12 6.4 2
75a: 54% 73(al

C(2): C(6) = 22:78

NC” : “CO,Et

75b: 84%
in situ quench with
ZnCI2

.
CO,Et

81a: 64%

o

NC~ i “CO,Et

1) TMPMgCI-LiCl
_—

NC” ; “CO,Et

74: 46%
C(2) : C(6) = 96:4

NC/@COZEt

2) 1,

75¢: 87% 75d: 79%
in situ quench with in situ quench with
ZnCl, ZnCl,
1) ZnC|2'.2LIC| 391 371 T
2) TMPLi @\ 1) TMPMgCI-LiCI 5
CO.Et < ¥ s CO,Et
3) 1, 315 S 2 2) 1,
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s CO,Et s CO,Et
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in situ quench with in situ quench with
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Scheme 109Regioselectivity switch in the metalation of etldytyanobenzoater8) and ethyl
thiophene-2-carboxylat&{) by TMPLi in the presence of ZnERLICI and CuCN-2LiCl, or by
TMPMgCI- LiCl. [a] Calculated pKvalues for H(2), H(4), H(5) and H(6); [b] Calciddat pk;

values for H(2), H(3),

and H(4).

We therefore think that this lithiation/transmetima strategy is especially useful,

since it allows the preparation of (hetero)aromatiganometallics not easily accessible

otherwise, and thus, drastically expands the scofe field of organic synthesis.
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C. EXPERIMENTAL SECTION

1. GENERAL CONSIDERATIONS

All reactions were carried out under argon or & atmosphere in glassware dried
with a heat gun. Syringes which were used to teanshhydrous solvents or reagents
were purged three times with argon or nitrogenrpieouse. THF was freshly distilled
from sodium benzophenone ketyl under nitrogen ptmruse. Indicated yields are
isolated yields of compounds estimated to be >9%¥& @s determined byH-NMR
(25 °C) and capillary GC. Column chromatography wedormed using Si§X(0.040 —
0.063 mm, 230 — 400 mesh ASTM) from Merck. Unlessewise indicated, all
reagents were obtained from commercial sourcesuidlicstarting materials were
distilled prior to use. Magnesium turnings (> 99)5%hagnesium powder (> 99%) and
zinc dust (> 90%) were obtained from Riedel-de Ha@aCN, ZnC} and LiCl were
obtained from Fluka.

1.1SOLVENTS
Solvents were dried according to standard procedoyadistillation over drying agents

and stored under argon.
CHCI, was predried over Cagtand distilled from Cak
CHCI 3 was predried over Cag£and distilled from Capd

1,4-Dioxane was continuously refluxed and freshly distilled rfro sodium

benzophenone ketyl under nitrogen.
DMF was heated to reflux for 14 h over Gaahd distilled from Cakd

EtOH was treated with phthalic anhydride (25 g/L) andism, heated to reflux for 6 h
and distilled.

Et,O was predried over calcium hydride and dried with $lvent purification system
SPS-400-2 from INNOVATIVE TECHNOLOGIES INC.

MeOH was heated to reflux over magnesium methoxidedsstdied.
NMP was heated to reflux for 14 h over Gaathd distilled from CaH

THF was continuously refluxed and freshly distilledrfr sodium benzophenone ketyl

under nitrogen.
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Toluenewas predried over Cag£and distilled from Capd
Triethylamine was dried over KOH and distilled.

Solvents for column chromatography were distilledaarotary evaporator prior to use.

1.2REAGENTS
All reagents were obtained from commercial soureesl used without further
purification unless otherwise stated. Liquid redgevere distilled prior to use.

iIPrMgCI-LiCl solution in THF was purchased from Rockwood Lithiu
nBuLi solution in hexane was purchased from Rockwoolliuit.

LDA was prepared by the slow addition mBuLi (2.3M in hexane, 5.0 mmol) to a
solution of disopropylamine (0.7 mL, 5.0 mmol) in THF (5 mL) at -0 and stirring

the reaction mixture for 30 min at -40 °C.

TMPMgCI-LiCl was prepared according to a literature procetfiire.

TMPLIi was prepared by the slow additionr&uLi (2.3M in hexane, 5.0 mmol) to a
solution of TMPH (0.85 mL, 5.0 mmol) in THF (5 mlgt -40 °C and stirring the
reaction mixture for 30 min at -40 °C.

CuCN-2LICl solution (1.0m) was prepared by drying CuCN (7.17 g, 80.0 mmnf a
LiCl (6.77 g, 160 mmol) in &chlenkflask under vacuum at 140 °C for 5 h. After
cooling, 80 mL anhydrous THF were added and sgmimas continued until the salt was

dissolved.

ZnCl; solution (1.0m) was prepared by drying Zn{136 g, 100 mmol) in &chlenk
flask under vacuum at 140 °C for 5 h. After coo)id®0 mL anhydrous THF were

added and stirring was continued until the salt giasolved.

MgCl, solution (0.5M) was prepared bgharging aSchlenkflask with Mg-turnings
(1.28 g, 52.5 mmol) and THF (50 mL). Freshly distl dichloroethane (4.95 g,
50.0 mmol) was added slowly at room temperatureolo® with water bath,
exothermic reaction). After the gas evolution hempped, anhydrous THF (50 mL) was
added and stirring was continued until the salt giasolved.
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LiCl solution (0.7m) was prepared by drying by LiCl (8.6 g, 202 mmialja Schlenk
flask under vacuum at 140 °C for 5 h. After coolimgmhydrous THF (288 mL) was

added and stirring was continued until the salt eiasolved.

1.3CONTENTDETERMINATION OFORGANOMETALLICREAGENTS

Organozinc and organomagnesiunteagents were titrated withih THF %3

Organolithium reagents were titrated with anhydrous 2-propanaod al,10-

phenanthroline as indicator in THE

LDA andTMPLi were titrated using phenyl benzamide as titratipgna and indicator
in THF.

TMPMgCI-LICl was titrated with benzoic acid and 4-(phenylaza)dnylamine as

indicator in THF*& ¢4

1.4CHROMATOGRAPHY
Flash column chromatographywas performed using silica g&d (0.040-0.063 mm)
from MERCK.

Thin layer chromatography was performed using SgJpre-coated aluminium plates

(Merck 60, F-254). The chromatograms were examunater 254 nm UV irradiation,

by incubating the plates in an iodine chamber anloyostaining of the TLC plate with

one of the reagents given below followed by heatith a heat gun:

- KMnO4 (3.0 g), 5 drops of conc..80, in water (300 mL).

- Phosphomolybdic acid (5.0 g), Ce(8512.0 g) and conc. }$0O, (12 mL) in water
(230 mL).

- Ninhydrin (0.3 g) and AcOH (3.0 mL) in butanol (161.).

1.5ANALYTICALDATA
'H-NMR and®*C-NMR spectra were recorded on VARIAN Mercury 200, BRUKE
ARX 300, VARIAN VXR 400 S and BRUKER AMX 600 instneents. Chemical shifts

are reported asovalues in ppm relative to tetramethylsilane. Thalofving

2214 .S, Lin, A. PaquetteSynth. Commuri994 24, 2503.
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abbreviations were used to characterize signalipfiglties: s (singlet), d (doublet), t
(triplet), g (quartet), gn (quintet), spt (septet)(multiplet) as well as br (broadened).

Mass spectroscopy High resolution (HRMS) and low resolution (MS)esfra were
recorded on a FINNIGAN MAT 95Q instrument. Electnompact ionization (EI) was
conducted with an ionization energy of 70 eV.

For coupled gas chromatography/mass spectrometijEWLETT-PACKARD HP
6890/MSD 5973 GC/MS system was used. Moleculamfixgs are reported starting at

a relative intensity of 10%.

Infrared spectra (IR) were recorded from 4500ttn 650 cni on a PERKIN ELMER
Spectrum BX-59343 instrument. For detection a SMITBETECTION DuraSamfiR
Il Diamond ATR sensor was used. Wavenumbers arertegp in cnt starting at an

absorption of 10%.

Melting points (mp) were determined on a BUCHI B-540 melting p@ipparatus and

are uncorrected. Compounds decomposing upon maedtiegndicated by (decomp.)
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2. SYNTHESIS AND FULL-FUNCTIONALIZATION OF THE 7-AZAINDOLE SCAFFOLD

VIA SELECTIVE METALATION AND SULFOXIDE/MAGNESIUM EXCHANGE

2.1 SYNTHESIS OF THH-AZAINDOLERING
All reagents were obtained from commercial sources.
Preparation of 5-bromo-3-iodopyridin-2-amine (6)

Br | \/ I

N~ “NH,

Prepared according to a known literature proced(fi®m 2-amino-5-bromopyridines(
12.0 g, 67.0 mmol, 1.0 equiv), Hi@3.86 g, 20.0 mmol, 0.3 equiv) and(8.50 g, 33.5
mmol, 0.5 equiv) in a mixture of acetonitrile anck@ic acid to furnislé as beige solid
(19.17 g, 96%).
mp: 112.0 °C-113.8 °C.
'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.04 (d,J = 2.0 Hz, 1H), 7.94 (dJ = 2.1 Hz,
1H), 5.00 (s, 2H).
3C-NMR (CDCl3, 75 MHz) é (ppm): 156.3, 148.4, 148.2, 107.3, 77.6.
IR (Diamond-ATR, neat) 7 (cm’): 3444, 3274, 3121, 2916, 2848, 2132, 1836, 1808,
1781, 1626, 1564, 1453, 1378, 1236, 1106, 10719,1843, 869, 741, 679.
MS (El, 70 eV) m/z (%): 298 (3), 70 (10), 61 (19), 45 (12), 43 (100).
HRMS (El): m/z calc. for [GH4BrIN;] 297.8603, found: 297.8595.

Preparation of 5-bromo-3-[2-(trimethylsilyl)ethynyl]pyridin-2-amine (8)

/ SiM63
»

N~ “NH,
Prepared according to a known literature procédtivenich was modified as follows: 5-
bromo-3-iodopyridin-2-amine6( 18.6 g, 62.3 mmol, 1.0 equiv), trimethylsilylacetyé
(7; 6.73 g, 68.5 mmol, 1.1 equiv), Cul (238 mg, In2®mol, 2 mol%) and Pd(PBkCl,
(435 mg, 0.62 mmol, 1 mol%) were dissolved in bygdmine (100 mL) and stirred for
1 h at room temperature. The reaction mixture wasnghed with a sat. aq. NEI
solution and extracted with EtOAc (3 x 100 mL). Teembined organic layers were
dried over NagSQ, and concentrateth vacuo Purification of the crude product by
recrystallization frorm-heptane affordel as brownish solid (15.91 g, 95%).

mp: 123.2 °C-130.0 °C.
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'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.02 (d,J = 2.4 Hz, 1H), 7.62 (dJ = 2.4 Hz,
1H), 5.07 (s, 2H), 0.25 (s, 9H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 157.6, 148.3, 142.0, 106.8, 104.9, 102.9, 98.7,
0.2.

IR (Diamond-ATR, neat) U (cm'™): 3454, 3289, 2956, 2148, 1625, 1548, 1457, 1397,
1246, 1193, 1117, 1099, 1060, 912, 900, 885, 76D, G58.

MS (El, 70 eV) m/z (%): 271 (10), 270 (68), 269 (14), 268 (67) IM256 (13), 253
(17), 252 (100), 139 (12), 137 (12).

HRMS (El): m/z calc. for [GoH13BrN»Si] 268.0031, found: 268.0031.

Preparation of 5-bromo-1H-pyrrolo[2,3-b]pyridine (9)
Br | N N

NN

To a solution of 5-bromo-3-[2-(trimethylsilyl)ethyljpyridin-2-amine 8; 5.38 g,

20.0 mmol, 1.0 equiv) in anhydrous NMP (10 mL) wsdswly added NaH (1.12 g,

60 w% suspension in paraffin oil, 24.0 mmol, 1.Rie}}j The reaction mixture was

heated to 80 °C for 1 h. After cooling to ambiesnperature, the reaction mixture was

qguenched with a sat. aq. NEl solution and extracted with EtOAc (3 x 200 mLhe

combined organic layers were dried ovepBla, and concentrated vacuo Purification

of the crude product by flash chromatography ¢Siéhexane/EtOAc = 5:1) afforded

as a colorless solid (3.16 g, 80%).

mp: 178.2-178.9°C

'H-NMR (CDCl 3, 300 MHz)é (ppm): 10.93 (s, 1H), 8.36 (d,= 1.9 Hz, 1H), 8.08 (d]

= 2.0 Hz, 1H), 7.38 (d] = 3.1 Hz, 1H), 6.49 (d] = 3.1 Hz, 1H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 146.8, 142.8, 131.3, 126.8, 122.2, 111.5, 100.5.

IR (Diamond-ATR, neat) U (cm™): 3191, 3129, 3107, 3045, 2989, 2919, 2860, 1594,

1570, 1494, 1466, 1432, 1401, 1338, 1305, 1299],1?2847, 1187, 1108, 1077, 1067,

917, 907, 901, 890, 879, 863, 779, 732, 670.

MS (El, 70 eV) m/z (%): 196 (100) [M], 117 (42), 90 (13), 63 (11), 43 (29).

HRMS (EI): m/z calc. for [GHsBrN,] 195.9636, found: 195.9633.
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2.2FIRSTATTEMPTSTOWARDS THE-ULL-FUNCTIONALIZATION OF THH -AZAINDOLE

SCAFFOLD

Preparation of 5-bromo-1-(methoxymethyl)-H-pyrrolo[2,3-b]pyridine (11)
Br | N N

NTN

MOM

The title compound was obtained applying two défégrmethods.

Method A (starting from 8):

To a solution of 5-bromo-3-[2-(trimethylsilyl)ethylipyridin-2-amine 8; 32.3 g,

120 mmol, 1.0 equiv) in anhydrous NMP (60 mL) wiasvéy added NaH (5.67 g, 60w%

suspension in paraffin oil, 144 mmol, 1.2 equivheTreaction mixture was heated to

80 °C for 1 h. After cooling to ambient temperajuxaH (4.80 g, 60w% suspension in

paraffin oil, 120 mmol, 1.0 equiv) and methylchlorethylether (9.66 g, 120 mmol,

1.0 equiv) were added. After 1 h stirring at ro@mperature, the reaction mixture was

quenched with a sat. aq. NEl solution and extracted with EtOAc (3 x 300 mChe

combined organic layers were dried overSIa, and concentrateid vacuo Purification

of the crude product by flash chromatography ¢Sibexane/EtOAc = 20:1) affordeid

as colorless oil (20.58 g, 71%).

Method B (starting from 9):

To a solution of 5-bromoH-pyrrolo[2,3-b]pyridine 9; 3.94 g, 20.0 mmol) in anhydrous

DMF (10 mL) were slowly added NaH (960 mg, 60w% parmsion in paraffin oll,

24.0 mmol, 1.2 equiv) and methylchloromethyleth#&97 g, 24.0 mmol, 1.2 equiv).

After 1 h stirring at ambient temperature, the teamcmixture was quenched with a sat.

ag. NH,Cl solution and extracted with EtOAc (3 x 100 mhe combined organic

layers were dried over N&O, and concentrateth vacuo Purification of the crude

product by flash chromatography (Sj®@hexane/EtOAc = 20:1) affordeldl as colorless

oil (4.37 g, 91%).

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.36 (d,J = 1.9 Hz, 1H), 8.03 (dJ = 2.0 Hz,

1H), 7.34 (dJ = 3.6 Hz, 1H), 6.47 (dl = 3.6 Hz, 1H), 5.60 (s, 2H), 3.28 (s, 3H).

13C-NMR (CDCls3, 75 MHz) é (ppm): 146.5, 143.7, 131.0, 129.3, 122.3, 112.3, 100.7,

75.0, 56.5.

IR (Diamond-ATR, neat) V' (cmY): 2988, 2930, 2824, 1589, 1557, 1509, 1467, 1407,

1370, 1347, 1291, 1257, 1230, 1193, 1180, 11559,11094, 1062, 996, 963, 912, 885,

784,771, 754, 720, 668, 660.
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MS (El, 70 eV) m/z (%): 240 (49) [M], 212 (57), 211 (97), 210 (61), 209 (100), 131
(17), 45 (100), 43 (67).
HRMS (EI): m/z calc. for [GHsBrN»O] 239.9898, found: 239.9884.

Preparation of  5-bromo-1-(methoxymethyl)-2-(trimethylsilyl)-1H-pyrrolo[2,3-

b]pyridine (10)
Br
A
msn\nee,
Z>N

N \
MOM

A solution of 5-bromo-1-(methoxymethyltpyrrolo[2,3b]pyridine (11, 1.87 g,
7.7 mmol, 1.0 equiv) in anhydrous THF (15 mL) wasled to freshly prepared TMPLi
(8.5 mmol, 1.1 equiv) at -60 °C. The reaction migtwas allowed to warm up to -45 °C
within 1 h. Then, chlorotrimethylsilandZa 1.0 g, 9.29 mmol, 1.2 equiv) was added at
-45 °C and the mixture was allowed to warm to amibtemperature within 2 h. The
reaction mixture was quenched with a sat. ag,@llolution and extracted with EtOAc
(3 x 50 mL). The combined organic layers were dogdr NaSO, and concentrateth
vacua Purification of the crude product by flash chréoggaphy (SiQ, i-hexane/EtOAc
= 20:1) affordedLO as colorless oil (2.22 g, 88%).
'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.32 (d,J = 2.1 Hz, 1H), 7.98 (dJ = 2.1 Hz,
1H), 6.64 (s, 1H), 5.69 (s, 2H), 3.25 (s, 3H) O(889H).
13C-NMR (CDCl3, 75 MHz) é (ppm): 149.6, 144.0, 143.6, 130.5, 122.0, 111.9, 110.8,
74.1, 55.8, -0.8.
IR (Diamond-ATR, neat) U (cm™): 2952, 2898, 1557, 1480, 1441, 1409, 1393, 1357,
1330, 1297, 1261, 1248, 1215, 1198, 1180, 11593,11090, 1043, 966, 921, 884, 837,
770, 765, 753, 695, 678.
MS (El, 70 eV) m/z (%): 273 (15) [M], 246 (27), 245 (26), 244 (20), 243 (16), 61 (10),
45 (100), 43 (67).
HRMS (El): m/z calc. for [GoH17BrN2,OSi] 312.0294, found: 312.0284.
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Preparation of ethyl 2-((5-bromo-1-(methoxymethyl)2-(trimethylsilyl)-1 H-
pyrrolo[2,3-b]pyridin-4-yl)methyl)acrylate (13)

CO,Et
> | \/ N —siMes
N~ N
MOM
Freshly prepared TMPLi (2.2 mmol, 1.1 equiv) wasletito a solution of 5-bromo-1-
(methoxymethyl)-2-(trimethylsilyl)-H-pyrrolo[2,3b]pyridine (10; 623 mg, 2.0 mmol,
1.0 equiv) in anhydrous THF (4 mL) -78 °C and thaation mixture was allowed to stir
at this temperature for 0.5 h. Then, ZnQ@.0m in THF, 2.2 mmol, 1.1 equiv) was added
at -78 °C and the mixture was allowed to warm tdoi@mt temperature within 0.5 h,
before it was cooled to -30 °C. Subsequently, C®LICI (1.0 M in THF, 2.2 mmol,
1.1 equiv) and, after 15 min, ethyl (2-bromometagtylate 12b; 425 mg, 2.2 mmaol,
1.1 equiv) were added. The reaction mixture wasestiat -30 °C for 1 h, quenched with
a sat. ag. NECI solution and extracted with EtOAc (3 x 20 mLhelcombined organic
layers were dried over N&O, and concentrateth vacuo Purification of the crude
product by flash chromatography (Si®hexane/EtOAc = 14:1) affordetB as yellow
oil (407 mg, 37%).
'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 8.37 (s, 1H), 6.63 (s, 1H), 6.22 (s, 1H), 5.68 (s
2H), 5.09 (s, 1H), 4.28 (§,= 7.1 Hz, 2H), 4.01 (s, 2H), 3.27 (s, 3H), 1.33& 7.1 Hz,
3H), 0.37 (s, 9H).
3C-NMR (CDCls3, 75 MHz) é (ppm): 166.7, 149.9, 145.0, 143.3, 138.9, 136.5, 125.9,
122.2,114.9, 110.0, 74.3, 61.1, 55.9, 34.2, 0.7,
IR (Diamond-ATR, neat) U (cm™): 2954, 2931, 2900, 1739, 1714, 1700, 1696, 1684,
1653, 1635, 1628, 1624, 1576, 1569, 1565, 15586,14472, 1465, 1457, 1448, 1437,
1416, 1394, 1363, 1352, 1301, 1276, 1249, 12244,11973, 1130, 1092, 1048, 1026,
1011, 953, 916, 838, 770, 756, 720, 716, 695, 681, 668, 660.
MS (El, 70 eV) m/z (%): 424 (14) [M], 367 (18), 365 (27), 321 (18), 292 (16), 250
(42), 248 (43), 89 (26), 75 (32), 73 (100), 45 (87)
HRMS (EI): m/z calc. for [GgH2sN203Si] 424.0818, found: 424.0815.

111



C. EXPERIMENTAL SECTION

Preparation of (5-bromo-1-(methoxymethyl)-2-(trimehylsilyl)-1H-pyrrolo[2,3-
b]pyridin-4-yl)(3-chlorophenyl)methanone (14)

MOM
Freshly prepared TMPLi (2.2 mmol) was added to dutsm of 5-bromo-1-

(methoxymethyl)-2-(trimethylsilyl)-H-pyrrolo[2,3b]pyridine (10; 623 mg, 2.0 mmol,
1.0 equiv) in anhydrous THF (4 mL) -78 °C and teaation mixture was allowed to stir
at this temperature for 0.5 h. Then, ZnQ@.0m in THF, 2.2 mmol, 1.1 equiv) was added
at -78 °C and the mixture was allowed to warm tdi@mt temperature within 0.5 h,
before it was cooled to -30 °C. Subsequently, CRLKCI (1.0 m in THF, 2.2 mmol,
1.1 equiv) and, after 15 min, 3-chlorobenzoyl cider (12¢ 385 mg, 2.2 mmol,
1.1 equiv) were added. The reaction mixture wasestiat -30 °C for 1 h, quenched with
a sat. ag. NECI solution and extracted with EtOAc (3 x 20 mLhelcombined organic
layers were dried over MN&O, and concentrateth vacuo Purification of the crude
product by flash chromatography ($j®hexane/EtOAc = 14:1) affordetd as yellow
solid (270 mg, 30%).

mp: 152.0 — 154.2 °C.

'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 8.43 (s, 1H), 7.85 (s, 1H), 7.68 @~ 7.7 Hz,
1H), 7.60 (ddJ = 8.0, 0.9 Hz, 1H), 7.41 (§ = 7.9 Hz, 1H), 6.42 (s, 1H), 5.72 (s, 2H),
3.30 (s, 3H) 0.34 (s, 9H).

13C-NMR (CDCl3, 75 MHz) é (ppm): 193.0, 150.3, 145.6, 144.9, 138.2, 137.0, 135.3,
134.2,130.2,129.7, 128.3, 119.4, 109.5, 108.2, 6.1, -0.9.

IR (Diamond-ATR, neat) U (cm™): 1671, 1587, 1569, 1457, 1444, 1424, 1411, 1389,
1358, 1348, 1338, 1271, 1249, 1212, 1204, 11829,11536, 1097, 1075, 1049, 1018,
998, 918, 908, 890, 879, 841, 821, 806, 783, 769, 750, 742, 700, 675, 666, 656.

MS (El, 70 eV) m/z (%): 450 (24) [M], 422 (43), 421 (32), 420 (31), 363 (27), 361
(22), 291 (18), 111 (19), 89 (37), 73 (87), 59 (3 (100).

HRMS (EI): m/z calc. for [GoH20BrCIN,O,Si] 450.0166, found: 450.0157.
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Preparation of 3,5-dibromo-1-((trifluoromethyl)sulfonyl)-1 H-pyrrolo[2,3-b]pyridine
(15)

Br
TN
N“TN

SO,CF3
To a solution of 5-bromoH-pyrrolo[2,3-b]pyridine (9; 828 mg, 3.0 mmol, 1.0 equiv) in
CHCI; (35 mL) was added dropwise a solution of B¥79 mg, 3.0 mmol, 1.0 equiv) in
CHCI; (10 mL) at 0 °C and the reaction mixture was atirat this temperature for 1 h.
The reaction mixture was quenched with a satSM2 solution and extracted with
CH.Cl; (3 x 100 mL). The combined organic layers wereedirover NaSQO, and
concentratedn vacuo The product was redissolved in &, (30 mL), and pyridine
(0.39 mL, 4.8 mmol, 1.6 equiv) and trifluoromethsméonic anhydride (1.16 g,
3.3 mmol, 1.1 equiv) were added at O °C. The reaatixture was quenched with a sat.
ag. NH,CI solution and extracted with GEI, (3 x 50 mL). The combined organic layers
were dried over N&O, and concentrateth vacuo Purification of the crude product by
recrystallization frorm-heptane afforded5 as a brownish solid (1.15 g, 89%).
mp: 118.0 - 119.0 °C.
'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.58 (d,J = 2.0 Hz, 1H), 8.08 (dJ = 2.1 Hz,
1H), 7.59 (s, 1H).
3C-NMR (CDCl3, 75 MHz) 6 (ppm): 148.1, 145.4, 131.7, 126.4, 124.4, 119.2({; —
F) = 323.4 Hz), 117.7, 98.3.
IR (Diamond-ATR, neat) 7 (cm™): 3145, 2923, 1617, 1562, 1528, 1442, 1426, 1409,
1376, 1322, 1314, 1302, 1270, 1230, 1211, 11588,11419, 1097, 1077, 1041, 951,
916, 890, 860, 812, 785, 775, 759, 751, 728, 688, 6
MS (El, 70 eV) m/z (%): 406 (37) [M], 344 (35), 342 (22), 277 (46), 275 (100), 273
(47), 196 (70), 194 (66), 115 (29), 88 (74), 63)(23
HRMS (EIl): m/z calc. for [GH3BrF3N20,S] 405.8234, found405.8248.
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Preparation of 3,5-dibromo-1-((trifluoromethyl)sulfonyl)-1 H-pyrrolo[2,3-b]pyridine
(16)

Br
Br
AN
Iy
N7 N
SO,CF;4

To a solution of 3,5-dibromo-1-((trifluoromethyl}ganyl)-1H-pyrrolo[2,3b]pyridine
(15, 1.12 g, 2.74 mmol, 1.0 equiv) in THF (6 mL) waklad TMPMgCI-LiCl (1.0 in
THF, 4.11 mmol, 1.5equiv) at 0 °C and the reactmixture was stirred at this
temperature for 0.5 h. Then, neat benzenesulfohidride (12d; 726 mg, 4.11 mmol,
1.5 equiv) was added and the reaction mixture atbwo warm to room temperature
within 1 h, quenched with a sat. aqg. MH solution and extracted with Gl

(3 x 100 mL). The combined organic layers weredioger NaSQO, and concentrateith
vacua Purification of the crude product by flash chréoggaphy (SiQ, i-hexane/EtOAc
= 50:1) affordedL6 as a colorless solid (1.04 g, 85%).

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.55 (d,J = 2.2 Hz, 1H), 8.00 (dJ = 2.2 Hz,
1H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 147.7, 145.9, 130.6, 126.8, 123.0, 119.1( —
F) =323.7 Hz), 118.2, 100.2.

MS (El, 70 eV) m/z (%): 440 (18) [M], 380 (31), 378 (49), 376 (20), 312 (20), 311
(73), 310 (31), 309 (96), 307 (40), 230 (33), 228)( 43 (100).

HRMS (EI): m/z calc. for [GH.Br,CIF3N.0,S] 439.7844, found439.7836.

Preparation of 1-(5-bromo-2-chloro-1-((trifluoromethyl)sulfonyl)-1H-pyrrolo[2,3-
b]pyridin-3-yl)- N,N-dimethylmethanamine (17)

NMez
Br
A
“=N

N \
SO,CF5

A dry and argon flushe8chlenkflask equipped with a magnetic stirrer and a sepias
charged withN,N,N’,N’-tetramethylmethanediamine (170 mg, 1.66 mmol etjliv) and
dissolved in anhydrous GBI, (2 mL). At 0 °C neat trifluoroacetic anhydride @rhg,
1.66 mmol, 1.1 equiv) was added dropwise. After thighly exothermic reaction
subsided and the smoke dissipated, the cooling reamved and the solution was
allowed to warm up to 25 °C and stirred for 5 nim.a second flask, 3,5-dibromo-1-

((trifluoromethyl)sulfonyl)-H-pyrrolo[2,3b]pyridine (16, 669 mg, 1.51 mmol,
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1.0 equiv) was dissolved in anhydrous THF (3 mLJ #rMgClI-LiCl (1.23v in THF,
1.66 mmol, 1.1 equiv) was added at -78 °C. Theti@aanixture was stirred at this
temperature for 5 min. Then, the solution of pregly prepared
methylene(dimethyl)iminium trifluoroacetate was wcalated dropwise at -78 °C to the
solution of the organometallic reagent. The reactoixture was allowed to warm to
room temperature within 1 h, quenched with a satNad,CI solution and extracted with
CH)CIl, (3 x 50 mL). The combined organic layers were direver NaSO, and
concentratedn vacuo Purification of the crude product by flash chréoggaphy (SiGQ,
i-hexane/EtOAc = 5:1, 2% triethylamine) affordéd as a yellowish solid (549 mg,
86%).

mp: 87.4 - 89.1 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.51 (d,J = 2.2 Hz, 1H), 8.34 (dJ = 2.1 Hz,
1H), 3.65 (s, 2H), 2.34 (s, 6H).

13C-NMR (CDCl3, 75 MHz) é (ppm): 146.9, 146.7, 131.6, 126.1, 123.3, 119.3)( —

F) = 323.8 Hz), 117.7, 53.0, 45.2. (One signal abserved; possible coincidental
isochronicity.)

IR (Diamond-ATR, neat) U (cmY): 2819, 2770, 1560, 1465, 1454, 1442, 1433, 1427,
1414, 1392, 1362, 1316, 1299, 1272, 1257, 12432,12179, 1144, 1113, 1075, 1046,
1027, 1005, 972, 940, 900, 891, 852, 828, 782, 763, 688, 680, 667.

MS (El, 70 eV) m/z (%): 419 (63) [M], 379 (21), 377 (69), 375 (51), 315 (28), 313
(100), 311 (74), 288 (38), 286 (33), 246 (22), ?48), 244 (60), 243 (32), 242 (45), 208
(22), 102 (41), 58 (37).

HRMS (EI): m/z calc. for [GiH10BrCIF3N30,S] 418.9318, found418.9312.

2.3SYNTHESIS OF THKEY 7-AZAINDOLEPRECURSOR

Preparation of 5-bromo-2-chloro-1-(methoxymethyl)-H-pyrrolo[2,3-b]pyridine

(19)
Br
Ty
N

N \
MOM
A solution of 5-bromo-1-(methoxymethylHtpyrrolo[2,3b]pyridine (11, 13.13 g,
54.5 mmol, 1.0 equiv) in anhydrous THF (109 mL) veakled to the freshly prepared
TMPLI (65.4 mmol, 1.2 equiv) at -60 °C. The reantimixture was allowed to warm up
to -45°C within 1 h. Then, benzenesulfonyl chleridl2 d 11.55 g, 65.4 mmol,
1.2 equiv) was added at -45°C and the mixture al®ved to warm to ambient
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temperature within 2 h. The reaction mixture waergned with a sat. aq. NEl
solution and extracted with EtOAc (3 x 200 mL). Teembined organic layers were
dried over NgSQ, and concentrateth vacuo Purification of the crude product by flash
chromatography (Sig i-hexane/EtOAc = 20:1) affordet® as colorless solid (12.32 g,
82%).

mp: 68.4 - 69.2 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.32 (d,J = 2.1 Hz, 1H), 7.92 (dJ = 2.1 Hz,
1H), 6.42 (s, 1H), 5.66 (s, 2H), 3.33 (s, 3H).

3C-NMR (CDCl3, 75 MHz) 6 (ppm): 146.0, 143.8, 129.7, 128.6, 121.3, 113.2, 99.3,
72.2, 56.8.

IR (Diamond-ATR, neat) 7 (cm™): 3142, 3076, 2994, 2957, 2933, 2828, 1558, 1505,
1466, 1459, 1450, 1440, 1396, 1375, 1341, 1283712854, 1221, 1211, 1200, 1187,
1178, 1145, 1128, 1115, 1088, 1072, 1034, 918, 844,830, 785, 767, 750, 706, 670.
MS (El, 70 eV) m/z (%): 273 (15) [M], 246 (27), 245 (26), 244 (20), 243 (16), 61 (10),
45 (100), 43 (67).

HRMS (El): m/z calc. for [GHgBrCIN,O] 273.9509, found: 273.9501.

Preparation of 2-chloro-5-(4-methoxy-3,5-dimethylbazenesulfinyl)-1-
(methoxymethyl)-1H-pyrrolo[2,3-b]pyridine (21)
0
Me S
X
MeO N~ "N
Me MOM

To a solution of 5-bromo-2-chloro-1-(methoxymethify-pyrrolo[2,3b]pyridine (19;
12.32 g, 44.7 mmol, 1.0 equiv) in anhydrous THR)(_) was addedBuLi (2.48M in
THF, 44.7 mmol, 1.0 equiv) at -78 °C and the migtuvas stirred for 5 min at this
temperature. Then, Mg&€0.5 M in THF, 49.2 mmol, 1.1 equiv) was added and the
reaction mixture was stirred for 0.5 h at -78 °@eThus-prepare@rignard reagent was
slowly added to a solution of 4-methoxy-3,5-dimdlepzenesulfinyl chloridé? (20;
10.75 g, 49.2 mmol, 1.1 equiv) in anhydrous THFO(ffL) at -78 °C and the reaction
mixture was allowed to warm to -30 °C within 1 HeTreaction mixture was quenched
with a sat. ag. NECI solution and extracted with EtOAc (3 x 300 mIChe combined
organic layers were dried over }80, and concentrateth vacuo Purification of the
crude product by flash chromatography ($i®hexane/EtOAc = 2:1) affordedl as
yellowish solid (15.22 g, 90%).
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mp: 98.4 -99.1 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.45 (d,J = 2.0 Hz, 1H), 8.12 (dJ = 2.0 Hz,
1H), 7.30 (s, 2H,), 6.53 (s, 1H), 5.70 {o5 11.2 Hz, 1H), 5.66 (dl = 11.2 Hz, 1H), 3.69

(s, 3H), 3.34 (s, 3H), 2.28 (s, 6H).

13C-NMR (CDCl3, 75 MHz) é (ppm): 159.4, 148.6, 140.6, 139.4, 135.9, 132.7, 129.4,
125.0, 125.0, 120.1, 100.6, 72.4, 59.7, 56.9, 16.2.

IR (Diamond-ATR, neat) V (Cm'l): 2945, 2942, 2926, 2920, 2917, 2910, 1582, 1559,
1505, 1473, 1456, 1443, 1401, 1378, 1362, 13394,18285, 1264, 1241, 1216, 1165,
1156, 1118, 1092, 1069, 1056, 1008, 962, 938, 838, 873, 847, 835, 805, 787, 763,
755, 724, 718, 714, 711, 688, 668, 664, 660, 653.

MS (El, 70 eV) m/z (%): 378 (75) [M], 330 (48), 300 (30), 299 (33), 285 (24), 185
(33), 168 (23), 151 (99), 45 (100).

HRMS (El): m/z calc. for [GgH19CIN2OsS] 378.0805, found: 378.0807.

Preparation of 4-bromo-2-chloro-5-(4-methoxy-3,5-dnethylbenzenesulfinyl)-1-
(methoxymethyl)-1H-pyrrolo[2,3-b]pyridine (18)

|C|) Br
Me S
X
MeO N~ N
Me

To a solution of 2-chloro-5-(4-methoxy-3,5-dimetbhghzenesulfonyl)-1-
(methoxymethyl)-H-pyrrolo[2,3b]pyridine (21, 1.53 g, 4.0 mmol, 1.0 equiv) in
anhydrous THF (15mL) was added TMPMgCI-LiCl (1.2l in THF, 6.0 mmol,
1.5 equiv) at -30 °C and the reaction mixture wirsesl for 10 min at this temperature.
Then, 1,2-dibromo-1,1,2,2-tetrachloroethadgq 1.95 g, 6.0 mmol, 1.5 equiv) was
added and the mixture was allowed to warm to antidiEmperature within 2 h. The
reaction mixture was quenched with a sat. ag,@lolution and extracted with EtOAc
(3 x 50 mL). The combined organic layers were dogdr NaSO, and concentrateth
vacua Purification of the crude product by flash chréoggiaphy (SiQ, i-hexane/EtOAc
= 2:1) affordedl8 as off-white solid (1.77 g, 97%).

mp: 156.7 - 158.2 °C.

'H-NMR (CDCl 3, 300 MHz)é (ppm): 8.67 (s, 1H), 7.41 (s, 2H), 6.56 (s, 1H), 5.72)(d
=11.0 Hz, 1H,), 5.65(dl = 11.0 Hz, 1H), 3.69 (s, 3H), 3.35 (s, 3H), 2.8276H).

13C-NMR (CDCl3, 75 MHz) é (ppm): 159.7, 148.0, 141.4, 138.8, 134.2, 132.6, 129.6,
125.9, 122.5, 121.4, 100.5, 72.8, 59.7, 57.1, 16.3.
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IR (Diamond-ATR, neat) V' (cmY): 3104, 2936, 2932, 1580, 1533, 1502, 1474, 1455,
1447, 1437, 1414, 1396, 1377, 1349, 1326, 1275]1,12716, 1194, 1182, 1173, 1149,
1117,1092, 1061, 1044, 1003, 942, 917, 879, 88¥, B71, 762, 701, 676, 666.

MS (El, 70 eV) m/z (%): 455 (26) [M], 442 (12), 410 (13), 408 (10), 380 (12), 379
(11), 183 (37), 167 (12), 152 (10), 151 (100), #5)(

HRMS (EI): m/z calc. for [GgH18BrCIN,0O3S] 455.9910, found: 455.9898.

2.4TYPICALPROCEDURES
Typical procedure 1 (TP1): Preparation of (4-bromo2-chloro-5-((4-methoxy-3,5-
dimethylphenyl)sulfinyl)-1-(methoxymethyl)-1H-pyrrolo[2,3- b]pyridin-6-
yl)magnesium(ll) chloride (22)
OMe
Me Me

Br

/S
' \
“N

LiCI-CIMg~ 'N \
MOM

A dry and argon-flushe&chlenkflask, equipped with a stirring bar and a septwas
charged with 4-bromo-2-chloro-6-iodo-5-(4-methox$-8imethylbenzenesulfinyl)-1-
(methoxymethyl)-H-pyrrolo[2,3b]pyridine (18; 1.0 equiv) in anhydrous THF (OM).
At -10 °C TMPMgCI-LiCI (1.21m in THF, 1.5 or 1.7 equiv) was added and the reacti

was stirred for 10 min at this temperature.

Typical procedure 2 (TP2): Preparation of (6-bromoz2,4-dichloro-1-
(methoxymethyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)magnesium(ll) chloride (28b)
Cl
LICI-CIMg
B
Br” "N~ "N
MOM

A dry and argon flushe&chlenkflask, equipped with a magnetic stirring bar and a
septum, was charged with 6-bromo-2,4-dichloro-midd(methoxymethyl)-H-
pyrrolo[2,3b]pyridine (29, 1.0 equiv) in anhydrous THF (OM). At -40°C
iIPrMgClI-LiCl (1.23m in THF, 1.05 equiv) was added and the reactiontuni& was
stirred for 5 min at this temperature.
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Typical procedure 3 (TP3): Preparation of (2,4-dictoro-5-(ethoxycarbonyl)-6-(4-
(ethoxycarbonyl)phenyl)-1-(methoxymethyl)-H-pyrrolo[2,3-b]pyridin-3-
yl)magnesium(ll)  chloride (34a) and (2,4-dichloro-64-cyanophenyl)-5-
(ethoxycarbonyl)-1-(methoxymethyl)-H-pyrrolo[2,3-b]pyridin-3-yl)magnesium(ll)
chloride (34b)

A dry and argon flushe&chlenkflask, equipped with a magnetic stirring bar and a
septum, was charged with ethyl-2,4-dichloro-6-(thdeycarbonyl)phenyl)-3-iodo-1-
(methoxymethyl)-H-pyrrolo[2,3b]pyridine-5-carboxylate32a 1.0 equiv) or ethyl 2,4-
dichloro-6-(4-cyanophenyl)-3-iodo-1-(methoxymeth$H-pyrrolo[2,3-b]pyridine-5-
carboxylate 82b; 1.0 equiv) in anhydrous THF (OM). At 0 °CiPrMgClI-LiCl (1.23m in
THF, 1.1 equiv) was added and the reaction mixwes stirred for 10 min at this

temperature.

Typical procedure 4 (TP4): Preparation of (4-chlore3-cyano-5-(ethoxycarbonyl)-6-
(4-(ethoxycarbonyl)phenyl)-1-(methoxymethyl)-H-pyrrolo[2,3-b]pyridin-2-
yl)magnesium(ll) chloride (38)

A dry and argon flushe&chlenkflask, equipped with a stirring bar and a septuras
charged with ethyl-4-chloro-3-cyano-6-(4-(ethoxyaaryl)phenyl)-1-(methoxymethyl)-
1H-pyrrolo[2,3b]pyridine-5-carboxylate 37; 1.0 equiv) in anhydrous THF (OM). At

-30 °C TMPMgCI-LIiCl (1.21m in THF, 1.1 equiv) was added and the reaction was

stirred for 5 min at this temperature.
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2.5REGIOSELECTIVEFUNCTIONALIZATION OAPOSITIONSG,5AND4 OF THE7-AZAINDOLE
SCAFFOLD

Preparation of (4-bromo-2-chloro-5-((4-methoxy-3,5dimethylphenyl)sulfinyl)-1-
(methoxymethyl)-1H-pyrrolo[2,3-b]pyridin-6-yl)(furan-2-yl)methanone (23a)

OMe
Me Me

Prepared according toTP1l from 4-bromo-2-chloro-6-iodo-5-(4-methoxy-3,5-
dimethylbenzenesulfinyl)-1-(methoxymethyldipyrrolo[2,3b]pyridine (18, 229 mg,
0.50 mmol, 1.0 equiv) and TMPMgCI-LiCl (1.1%6 in THF, 0.75 mmol, 1.5 equiv)
within 10 min at -10 °C. Subsequently, Za@l M in THF, 0.75 mmol, 1.5 equiv) was
added and the mixture was stirred for 15 min at>@.0At -30 °C, CuCN-2LiCl (1. in
THF, 0.75 mmol, 1.5 equiv) and, after 15 min, fuanarbonyl chloride X2f;, 98 mg,
0.75 mmol, 1.5 equiv) were added, and the mixtuas allowed to warm to ambient
temperature within 5 h. The reaction mixture waergned with a sat. aq. NEl
solution and extracted with EtOAc (3 x 20 mL). Tdmmbined organic layers were dried
over NaSQ, and concentrateth vacuo Purification of the crude product by flash
chromatography (Si§i-hexane/EtOAc = 4:1) affordeZBa as yellowish solid (175 mg,
63%).

mp: 118.0 — 126.3 °C.

'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 7.69 (s, 1H), 7.56 (s, 2H), 7.27 @= 2.9 Hz,
1H), 6.68 (s, 1H), 6.60 (dd,= 3.6, 1.6 Hz, 1H), 5.69 (s, 2H), 3.73 (s, 3HB53(s, 3H),
2.30 (s, 6H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 179.3, 159.0, 152.0, 149.4, 147.8, 145.6, 137.1,
133.2,131.8,126.9, 126.5, 125.0, 124.2, 121.2,6101.4, 72.9, 59.7, 57.2, 16.3.

IR (Diamond-ATR, neat) 7 (cm™): 1666, 1568, 1529, 1494, 1467, 1457, 1423, 1377,
1360, 1276, 1265, 1241, 1218, 1188, 1165, 11469,11094, 1081, 1056, 1030, 1013,
948, 915, 900, 888, 877, 868, 845, 796, 787, 734, 740, 732, 686, 662.

MS (El, 70 eV) m/z (%): 550 (4) [M], 439 (28), 438 (19), 437 (100), 436 (15), 435
(72), 403 (12), 401 (43), 399 (31), 183 (49), 188)( 95 (26), 91 (10), 45 (64).

HRMS (EIl): m/z calc. for [GsH20BrCIN2OsS] 549.9965, found: 549.9965
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Preparation of 4-bromo-2-chloro-6-iodo-5-(4-methoxy3,5-dimethylbenzenesul-
finyl)-1-(methoxy-methyl)-1H-pyrrolo[2,3-b]pyridine (23b)

|C|) Br
Me S
X
MeO >N N
Me MOM

Prepared according toTP1 from 4-bromo-2-chloro-6-iodo-5-(4-methoxy-3,5-
dimethylbenzenesulfinyl)-1-(methoxymethyldipyrrolo[2,3b]pyridine (18, 1.37 g,

3.0 mmol, 1.0 equiv) and TMPMgCI-LiCl (1.24in THF, 5.10 mmol, 1.7 equiv) within
10 min at -10 °C. Subsequently, neaf1.52 g, 6.0 mmol, 2.0 equiv) was added at this
temperature and the mixture was allowed to warntougmbient temperature within 1 h.
The reaction mixture was quenched with a sat. @S solution and extracted EtOAc
(3 x 50 mL). The combined organic layers were dogdr NaSO, and concentratesh
vacua Purification of the crude product by flash chréoggiaphy (SiQ, i-hexane/EtOAc

= 4:1) afforded23b as colorless solid (1.06 g, 61%).

mp: 173.4 - 177.0 °C.

'H-NMR (CDCl 3, 300 MHz)é (ppm): 7.30 (s, 2H), 6.58 (s, 1H), 5.65 (#= 11.0 Hz,
1H), 5.62 (J = 11.0 Hz, 1H), 3.71 (s, 3H), 3.36 (s, 3H), 2.276H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 158.9, 147.3, 136.9, 133.4, 132.1, 130.1, 125.8,
125.5, 123.6, 101.4, 72.9, 59.7, 57.3, 29.7, 16.4.

IR (Diamond-ATR, neat) 7 (cm™): 2918, 1571, 1521, 1494, 1476, 1464, 1450, 1430,
1396, 1368, 1266, 1211, 1202, 1176, 1150, 11192,10081, 1060, 1046, 1000, 952,
918, 886, 875, 868, 783, 771, 760, 746, 717, 687.

MS (El, 70 eV) m/z (%): 582 (34) [M], 440 (48), 438 (29), 409 (20), 407 (25), 183
(88), 151 (100), 128 (58), 127 (41), 45 (25).

HRMS (EI): m/z calc. for [GgH17BrCIIN,O3S] 581.8876, found: 581.8874.
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Preparation of 4-bromo-2-chloro-5-(4-methoxy-3,5-dhethylbenzenesulfinyl)-1-

(methoxymethyl)-6-(oct-1-yn-1-yl)-H-pyrrolo[2,3-b]pyridine (25)

OMe
Me Me

To a solution of 4-bromo-2-chloro-6-iodo-5-(4-metled,5-dimethylbenzenesulfinyl)-1-
(methoxymethyl)-H-pyrrolo[2,3b]pyridine 23b; 1.17 g, 2.0 mmol, 1.0 equiv) in
anhydrous THF (20 mL) were added triethylamine@2v@., 20.0 mmol, 10 equiv), oct-
l-yne @4; 264 mg, 2.4 mmol, 1.0 equiv), Cul (229 mg, 0.1Znoh 6 mol%) and
Pd(PPB).Cl, (42 mg, 0.06 mmol, 3 mol%) and the mixture waseti for 1 h at ambient
temperature. The reaction mixture was quenched witat. aq. NkCI solution and
extracted with EtOAc (3 x 50 mL). The combined arigdayers were dried over a0,
and concentratedh vacuo Purification of the crude product by flash chreoggaphy
(SiO,, i-hexane/EtOAc = 4:1) affordezb as a yellowish solid (1.04 g, 92%).

mp: 91.7 - 99.4 °C.

'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 7.28 (s, 2H), 6.57 (s, 1H), 5.65 (s, 2H), 3.70 (s
3H), 3.34 (s, 3H), 2.48 (§,= 7.1 Hz, 2H), 2.27 (s, 6H), 1.67-1.58 (m, 2H18:1.38 (m,
2H), 1.29-1.23 (m, 4H), 0.87-0.82 (m, 3H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 158.6, 146.7, 137.4, 137.4, 134.2, 131.7, 130.6,
125.4,125.1, 122.7, 101.4, 99.3, 77.9, 72.5, 839rQ, 31.3, 28.8, 28.0, 22.5, 19.9, 16.3,
14.0.

IR (Diamond-ATR, neat) 7 (cm™): 2936, 2855, 2824, 2230, 1576, 1521, 1490, 1477,
1465, 1454, 1434, 1408, 1386, 1352, 1310, 12669,12170, 1127, 1095, 1071, 1035,
1010, 944, 914, 895, 874, 863, 786, 757, 729, 683, 676, 652.

MS (El, 70 eV) m/z (%): 564 (7) [M], 453 (26), 451 (24), 437 (22), 46 (100), 45 (22),
44 (30), 43 (24).

HRMS (EI): m/z calc. for [GeH30BrCIN,O3S] 564.0849, found: 564.08309.
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Preparation of 6-bromo-2,4-dichloro-5-((4-methoxy-%-dimethylphenyl)sulfinyl)-1-
(methoxymethyl)-1H-pyrrolo[2,3-b]pyridine (27a)
Cl
Mej©/8 | \/ \ o
MeO Br” "N~ N
Me MOM
Freshly prepared TMPLi (16.74 mmol, 1.3 equiv) \&dsged to a solution of 4-bromo-2-
chloro-5-(4-methoxy-3,5-dimethylbenzenesulfonyljriethoxy-methyl)-H-
pyrrolo[2,3b]pyridine (18; 5.90 g, 12.9 mmol, 1.0 equiv) and 1,1,2-trichdr@,2-
trifluoroethane 12g 3.62 g, 19.3 mmol, 1.5 equiv) in anhydrous THRBQInL) at
-78 °C. The mixture was allowed to warm to ambi&rnperature within 2 h. The
reaction mixture was quenched with@and extracted with EtOAc (3 x 50 mL). The
combined organic layers were dried ovepBla, and concentrated vacuo Purification
of the crude product by flash chromatography ¢Siéhexane/EtOAc = 6:1) afforded
compound27aas colorless solid (5.78 g, 91%).
mp: 165.3 - 166.9 °C.
'H-NMR (CDCl 3, 300 MHz)é (ppm): 7.32 (s, 2H), 6.62 (s, 1H), 5.65 = 11.2 Hz,
1H), 5.62 (dJ = 11.2 Hz, 1H), 3.72 (s, 3H), 3.37 (s, 3H), 2.296H).
3C-NMR (CDCl3, 75 MHz) 6 (ppm): 158.9, 147.0, 138.1, 136.7, 35.7, 132.1, 130.9,
129.9, 125.1, 120.6, 99.8, 72.8, 59.7, 57.2, 16.3.
IR (Diamond-ATR, neat) 7 (cm™): 2946, 2931, 1571, 1528, 1497, 1481, 1466, 1449,
1433, 1399, 1380, 1361, 1348, 1275, 1236, 12103,11869, 1157, 1126, 1092, 1085,
1062, 1048, 1008, 1000, 981, 971, 945, 917, 885, 868, 834, 813, 808, 785, 775, 756,
750, 692, 668, 661.
MS (El, 70 eV) m/z (%): 490 (7) [M], 183 (78), 151 (100), 45 (35).
HRMS (EI): m/z calc. for [GgH17BrCI.N,O3S] 489.9520, found: 489.9511.

Preparation of 6-bromo-2-chloro-5-((4-methoxy-3,5-anethylphenyl)sulfinyl)-1-
(methoxymethyl)-4-(trimethylsilyl)-1H-pyrrolo[2,3-b]pyridine (27b)

O SiMe,
Me S
X
~
MeO Br” "N~ "N
Me MOM

Freshly prepared TMPLi (0.65 mmol, 1.3 equiv) wddex to a solution of 4-bromo-2-
chloro-6-iodo-5-(4-methoxy-3,5-dimethylbenzenesuifj-1-(methoxymethyl)-H-
pyrrolo[2,3b]pyridine (18, 229 mg, 0.50 mmol, 1.0 equiv) and chlorotrimesiighe
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(12& 218 mg, 2.0 mmol, 4.0 equiv) in anhydrous THI([) at -78 °C, and the reaction
mixture was allowed to warm to ambient temperatuittin 2 h. The reaction mixture
was quenched with a sat. ag. MH solution and extracted with EtOAc (3 x 10 mLher
combined organic layers were dried overSIa, and concentrateid vacuo Purification

of the crude product by flash chromatography ¢Sichexane/EtOAc = 6:1) afforded
27b as yellowish solid (209 mg, 79%).

mp: 149.0-151.1 °C.

'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 6.99 (s, 2H), 6.82 (s, 1H), 5.66 (s, 2H), 3.72 (s
3H), 3.35 (s, 3H), 2.25 (s, 6H), 0.60 (s, 9H).

3C-NMR (CDCls3, 75 MHz) é (ppm): 158.4, 150.1, 146.1, 136.9, 136.6, 135.7, 131.8,
128.8, 125.8, 122.9, 102.8, 72.5, 59.8, 57.2, 163,

IR (Diamond-ATR, neat) U (cm™): 2990, 2937, 1541, 1501, 1452, 1420, 1408, 1369,
1350, 1252, 1217, 1124, 1093, 1066, 1045, 1013, &1, 864, 848, 836, 778, 755, 689.
MS (El, 70 eV) m/z (%): 529 (7) [M+H], 453 (26), 451 (24), 437 (22), 46 (100), 45
(22), 44 (30), 43 (24).

HRMS (El): m/z calc. for [GiH27BrCIN,OsSSi] 529.0384 [M+H], found: 529.0379.

Preparation of 6-bromo-2,4-dichloro-5-iodo-1-(methaymethyl)-1H-pyrrolo[2,3-
b]pyridine (29)

Cl
|
X
Br” "N~ "N

MOM
To a solution of 6-bromo-2,4-dichloro-5-((4-metheXyp-dimethylphenyl)sulfinyl)-1-
(methoxymethyl)-H-pyrrolo[2,3b]pyridine @7a 246 mg, 0.50 mmol, 1.0 equiv) in
anhydrous THF (5 mL) was addd@rMgCl-LiCl (1.21m in THF, 0.50 mmol, 1.0 equiv)
at -90 °C. The reaction mixture was stirred for i rat this temperature. Then, ZnCl
(2.0m in THF, 0.50 mmol, 1.0 equiv) was added and tHetmm was stirred for 15 min
at -90 °C, before it was allowed to warm to ambitarhperature within 1 h. Neat |
(254 mg, 1.0 mmol, 2.0 equiv) was added and affehQthe crude reaction mixture was
qguenched with a sat. ag. #8303 solution and extracted with EtOAc (3 x 10 mL). The
combined organic layers were dried ovepBla, and concentrated vacuo Purification
of the crude product by flash chromatography (SKbexane/EtOAc = 60:1) affordexd
as colorless solid (131 mg, 60%).
mp: 142.1- 143.9 °C.
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'H-NMR (CDCl 3, 300 MHz)é (ppm): 6.54 (s, 1H), 5.62 (s, 2H), 3.34 (s, 3H).

3C-NMR (CDCl3, 75 MHz) 6 (ppm): 146.1, 141.5, 140.5, 129.0, 118.9, 99.5, 95.0,
72.7,57.1.

IR (Diamond-ATR, neat) U (cm™): 3132, 3003, 2939, 2894, 2814, 1581, 1531, 1500,
1472, 1461, 1446, 1426, 1400, 1376, 1293, 12602,12899, 1187, 1173, 1156, 1115,
1107, 1077, 1054, 957, 950, 901, 877, 838, 809, 789, 773, 756, 735, 676.

MS (El, 70 eV) m/z (%): 434 (2) [M], 61 (14), 45 (32), 43 (100).

HRMS (El): m/z calc. for [GHsBrCl,IN,O] 433.8085, found: 433.8084.

Preparation of ethyl-6-bromo-2,4-dichloro-1-(methoymethyl)-1H-pyrrolo[2,3-
b]pyridine-5-carboxylate (30a)

Cl
EtO,C
AN
Br” N~ N

Prepared according tdP2 from 6-bromo-2,4-dichloro-5-iodo-1-(methoxymeth§hi-
pyrrolo[2,3b]pyridine 29; 2.10 g, 4.82 mmol, 1.0 equiv) amdrMgCl-LiCl (1.23m in
THF, 5.06 mmol, 1.05 equiv) within 5 min at -40 “®ubsequently, ethyl cyanoformate
(12h; 955 mg, 9.64 mmol, 2.0 equiv) was added and tixéune was stirred for 30 min at
-40 °C. The crude reaction mixture was allowed 8o to ambient temperature within
1 h, quenched with ¥ and extracted with EtOAc (3 x 50 mL). The combirgganic
layers were dried over M&O, and concentrateth vacuo Purification of the crude
product by flash chromatography ($jQG-hexane/EtOAc = 40:1) afforde@0a as
colorless oil (1.75 g, 95%).

'H-NMR (CDCl 3, 300 MHz) é (ppm): 6.56 (s, 1H), 5.61 (s, 2H), 4.45 (@@= 7.2 Hz,
2H), 3.30 (s, 3H), 1.41 (§,= 7.2 Hz, 3H).

13C-NMR (CDCl3, 75 MHz) é (ppm): 164.9, 146.1, 132.9, 131.1, 129.2, 125.9, 117.9,
99.2,72.7, 62.5, 57.0, 13.9.

IR (Diamond-ATR, neat) V' (cmY): 3127, 2981, 2936, 2827, 1732, 1592, 1538, 1496,
1462, 1410, 1394, 1366, 1357, 1313, 1295, 1278]1,12205, 1180, 1160, 1127, 1089,
1048, 1021, 993, 985, 910, 860, 834, 781, 766, 90, 668, 657.

MS (El, 70 eV) m/z (%): 380 (7) [M], 352 (19), 350 (12), 61 (11), 45 (100).

HRMS (EIl): m/z calc. for [G2H11BrCIaN20s] 379.9330, found: 379.9330.
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Preparation of 6-bromo-2,4-dichloro-1-(methoxymethy)-5-(trimethylsilyl)-1 H-
pyrrolo[2,3-b]pyridine (30b)

Cl
Me3Si
X
Br~ N~ N

Prepared according tdP2 from 6-bromo-2,4-dichloro-5-iodo-1-(methoxymeth{§hi-
pyrrolo[2,3b]pyridine 29; 436 mg, 1.00 mmol, 1.0 equiv) am@rMgCl-LiCl (1.21m in
THF, 1.05 mmol, 1.05equiv) within 5 min at -40 °CSubsequently,
chlorotrimethylsilane{2a 1.09 g, 10.0 mmol, 10 equiv) was added and the¢urg was
stirred for 30 min at -40 °C. The crude reactioxtune was allowed to warm to ambient
temperature within 1 h, quenched withQHand extracted with EtOAc (3 x 10 mL). The
combined organic layers were dried overSIa, and concentrateid vacuo Purification

of the crude product by flash chromatography ¢Sichexane/EtOAc = 60:1) afforded
30b as colorless oil (371 g, 97%).

'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 6.53 (s, 1H), 5.60 (s, 2H), 3.34 (s, 3H), 0.57 (s
9H).

3C-NMR (CDCl3, 75 MHz) 6 (ppm): 146.6, 142.8, 141.5, 127.6, 127.1, 119.3, 99.4,
72.4,57.0, 3.4.

IR (Diamond-ATR, neat) V' (cmY): 2991, 2942, 2899, 2827, 1583, 1532, 1498, 1458,
1428, 1397, 1374, 1344, 1301, 1250, 1236, 1195511752, 1126, 1119, 1088, 1046,
968, 917, 883, 841, 767, 746, 686, 652.

MS (El, 70 eV) m/z (%): 380 (9) [M], 367 (18), 365 (11), 337 (14), 335 (14), 45 (100)
HRMS (EI): m/z calc. for [G:H15sBrCI:N,OSi] 379.9514, found: 379.9508.

Preparation of 6-bromo-2,4-dichloro-1-(methoxymethy)-1H-pyrrolo[2,3-
b]pyridine-5-carbonitrile (30c)

Cl
NC
AN
Br~ N~ N

MOM
Prepared according tdP2 from 6-bromo-2,4-dichloro-5-iodo-1-(methoxymeth§hi-
pyrrolo[2,3b]pyridine 29; 217 mg, 0.50 mmol, 1.0 equiv) aferMgCl-LiCl (1.24m in
THF, 0.50 mmol, 1.0 equiv) within 5 min at -40 °Subsequentlyp-toluenesulfonyl
cyanide {2i; 182 mg, 1.00 mmol, 2.0 equiv) was added and thxtune was stirred for
30 min at -40 °C. The crude reaction mixture wakwad to warm to ambient
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temperature within 1 h, quenched withQHand extracted with EtOAc (3 x 10 mL). The
combined organic layers were dried ovepBla, and concentrated vacuo Purification

of the crude product by flash chromatography ¢Sichexane/EtOAc = 20:1) afforded
30cas colorless solid (114 mg, 68%).

mp : 150.3-141.1°C.

'H-NMR (CDCl 3, 300 MHz)é (ppm): 6.67 (s, 1H), 5.66 (s, 2H), 3.36 (s, 3H).

13C-NMR (CDCl3, 75 MHz) é (ppm): 146.9, 139.7, 136.8, 130.8, 118.1, 114.6, 107.2,
99.8, 73.1, 57.3.

IR (Diamond-ATR, neat) 7 (cm?): 3112, 2961, 2933 , 2232 , 1986, 1588, 1534, 1495,
1465, 1451, 1436, 1412, 1397,1360, 1323, 1277, ,12B821, 1174, 1134, 1090, 1043,
1029, 1018, 967, 919, 904, 807, 791, 766, 759, 748, 675, 663, 656.

MS (El, 70 eV) m/z (%): 333 (5) [M7], 305 (11), 61 (11), 45 (100), 43 (65).

HRMS (El): m/z calc. for [GoHsBrCloNsO] 332.9071, found: 332.9067.

Preparation of ethyl-2-((6-bromo-2,4-dichloro-1-(méhoxymethyl)-1H-pyrrolo[2,3-
b]pyridin-5-yl)methyl)acrylate (30d)

cl
Et0,C
X
B N—¢|
Br” "N~ N
MOM

Prepared according tdP2 from 6-bromo-2,4-dichloro-5-iodo-1-(methoxymeth§hi-
pyrrolo[2,3b]pyridine 29; 217 mg, 0.50 mmol, 1.0 equiv) arferMgCl-LiCl (1.24m in
THF, 0.50 mmol, 1.0 equiv) within 5 min at -40 “®ubsequently, Zng(1.0m in THF,
0.60 mmol, 1.2 equiv) was added and the reactios all@wed to warm up to -30°C
within 15 min. Then, CuCN-2LiCl (1.2 in THF, 0.60 mmol, 1.2 equiv) was added and
the solution was stirred for 15 min at -30°C, befethyl-2-(bromomethyl)acrylatd Zb;
0.193 g, 1.00 mmol, 2.0 equiv) was added. The credetion mixture was allowed to
warm to ambient temperature within 3 h, quenchetth wisat. aq. NkCI solution and
extracted with EtOAc (3 x 10 mL). The combined arigdayers were dried over hNaO,
and concentratedh vacuo Purification of the crude product by flash chreoggaphy
(SiO,, i-hexane/EtOAc = 40:1) affordeDd as colorless oil (167 mg, 78%).

'H-NMR (CDCl 3, 300 MHz) é (ppm): 6.54 (s, 1H), 6.21 — 6.20 (m, 1H), 5.63 (s, 2H),
4.97 — 4.96 (m, 1H), 4.28 (4,=7.2 Hz, 2H), 4.03 — 4.02 (m, 2H), 3.37 (s, 3HR4L(t,J

= 7.2 Hz, 3H).
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3C-NMR (CDCl3, 75 MHz) é (ppm): 166.6, 145.5, 138.3, 136.6, 136.2, 128.3, 125.8,
124.6, 119.0, 98.9, 72.6, 61.0, 57.0, 34.4, 14.2.

IR (Diamond-ATR, neat) 7 (cm™): 3127, 2988, 2943, 2907, 1712, 1635, 1592, 1539,
1497, 1399, 1297, 1267, 1181, 1128, 1098, 1031, 943 867, 767, 704.

MS (El, 70 eV) m/z (%): 420 (10) [M], 343 (47), 342 (15), 341 (72), 315 (35), 313
(58), 283 (20), 45 (100).

HRMS (EI): m/z calc. for [GsH15BrCI:N2O3] 419.9643, found: 419.9653.

Preparation of ethyl-2,4-dichloro-6-(4-(ethoxycarbayl)phenyl)-1-(methoxymethyl)-
1H-pyrrolo[2,3-b]pyridine-5-carboxylate (32a)

To a solution of ethyl-4-iodobenzoate (1.17 g, 41%80l, 1.3 equiv) in THF (8 mL) was
addediPrMgCI-LiCl (1.28m in THF, 4.55 mmol, 1.4 equiv) at -20°C. The midwas
stirred for 0.5 h at this temperature. Then, Zn@I0 M in THF, 4.55 mmol, 1.4 equiv)
was added and the reaction was allowed to warno wprnbient temperature. The thus-
prepared zinc reageBiiawas then added to a solution of ethyl-6-bromodigiloro-1-
(methoxymethyl)-H-pyrrolo[2,3b]pyridine-5-carboxylate 30g 1.24 g, 3.25 mmol,
1.0 equiv) and Pd(PRh (112 mg, 3 mol%) in anhydrous THF (4 mL). The teac
mixture was stirred for 5 h at room temperatureengined with HO and extracted with
EtOAc (3x50 mL). The combined organic layers weahged over NgSO, and
concentratedn vacuo Purification of the crude product by flash chreoggaphy (SiGQ,
i-hexane/EtOAc = 20:1) afford&@Raas brown solid (1.44 g, 98%).

mp: 65.1 - 85.7 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.10 (d,J = 8.3 Hz, 2H), 7.72 (dJ = 8.3 Hz,
2H), 6.67 (s, 1H), 5.73 (s, 2H), 4.40 (o= 7.1 Hz, 2H), 4.22 (q] = 7.1 Hz, 2H), 3.37 (s,
3H), 1.41 (tJ = 7.1 Hz, 3H), 1.12 (] = 7.1 Hz, 3H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 166.7, 166.3, 150.5, 147.1, 143.7, 133.2, 130.6,
129.7, 129.5, 128.6, 123.3, 118.0, 99.3, 72.6,,6811, 57.1, 14.3, 13.7.

IR (Diamond-ATR, neat) 7 (cm™): 3403, 3140, 2981, 2930, 2909, 2872, 2828, 1713,
1608, 1592, 1571, 1539, 1489, 1463, 1413, 13934,18837, 1308, 1292, 1260, 1190,
1177, 1140, 1124, 1104, 1081, 1039, 1023, 988, 925, 875, 837, 789, 753, 718, 692,
671.
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MS (El, 70 eV) m/z (%): 450 (7) [M], 422 (5), 421 (7), 420 (7), 420 (7), 419 (6), 45
(100).
HRMS (EI): m/z calc. for [GiH20CI2N2Os] 450.0749, found: 450.0742.

Preparation of ethyl-2,4-dichloro-6-(4-cyanophenybl-(methoxymethyl)-1H-
pyrrolo[2,3-b]pyridine-5-carboxylate (32b)

To a solution of 4-bromobenzonitrile (237 mg, 1.6ah, 1.3 equiv) in THF (3 mL) was
addediPrMgClI-LiCl (1.28wm in THF, 1.37 mmol, 1.37 equiv) at 0°C. The mixtuvas
stirred for 3 h at this temperature. Then, Zn@lOm in THF, 1.30 mmol, 1.3 equiv) was
added and the reaction was allowed to warm up toemhtemperature. The so-prepared
zinc reagent31lb was then added to a solution of ethyl-6-bromodighioro-1-
(methoxymethyl)-H-pyrrolo[2,3b]pyridine-5-carboxylate 30g 382 mg, 1.0 mmol,
1.0 equiv) and Pd(PBh (35 mg, 3 mol%) in anhydrous THF (1 mL). The react
mixture was stirred for 16 h at room temperaturgsrggched with KO and extracted with
EtOAc (3x20 mL). The combined organic layers weahged over NgSO, and
concentratedn vacuo Purification of the crude product by flash chreoggaphy (SiGQ,
i-hexane/EtOAc = 10:1) afforde&@®b as colorless solid (263 mg, 65%).

mp: 125.9 -127.9 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 7.76 (d,J = 8.5 Hz, 2H), 7.72 (d) = 8.5 Hz,
2H), 6.69 (s, 1H), 5.72 (s, 2H), 4.23 (o= 7.1 Hz, 2H), 3.36 (s, 3H), 1.15 {t= 7.1 Hz,
3H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 166.5, 149.4, 147.1, 143.9, 133.4, 132.1, 130.2,
129.3, 123.3, 118.6, 118.4, 112.4, 99.4, 72.6,,673, 13.8.

IR (Diamond-ATR, neat) 7 (cm™): 3121, 2983, 2955, 2934, 2926, 2226, 1731, 1605,
1596, 1535, 1495, 1463, 1440, 1417, 1403, 13907,18358, 1340, 1315, 1306, 1274,
1256, 1192, 1178, 1146, 1116, 1088, 1049, 10204,1993, 970, 926, 914, 855, 842,
813, 799, 789, 771, 761, 742, 736, 701, 682, 668, 6

MS (El, 70 eV) m/z (%): 403 (19) [M], 375 (15), 374 (14), 373 (21), 372 (16), 45(100),
43 (22).

HRMS (EI): m/z calc. for [GoH15CI2N3O5] 403.0490, found: 403.0483.
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2.6 REGIOSELECTIVEFUNCTIONALIZATION OFPOSITIONS3 AND 2 OF THE 7-AZAINDOLE
SCAFFOLD

Preparation of ethyl-2,4-dichloro-6-(4-(ethoxycarbayl)phenyl)-3-iodo-1-
(methoxymethyl)-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (33a)

To a solution of ethyl-2,4-dichloro-6-(4-(ethoxybanyl)phenyl)-1-(methoxymethyl)-
1H-pyrrolo[2,3b]pyridine-5-carboxylate32a 903 mg, 2.00 mmol, 1.0 equiv) in GEl,
(20 mL) was added recrystallizeédtiodosuccinimide (990 mg, 4.40 mmol, 2.2 equiv).
The reaction mixture was stirred 15 h at ambiemipierature. The reaction mixture was
guenched with a sat. aq. #4203 solution and extracted with GBI, (3 x 100 mL). The
combined organic layers were dried overSIa, and concentrateid vacuo Purification

of the crude product by flash chromatography (SiKbexane/EtOAc = 6:1) afforde2Ba

as colorless solid (1.00 g, 87%).

mp: 146.3 -148.0 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.10 (d,J = 8.3 Hz, 2H), 7.71 (dJ = 8.3 Hz,
2H), 5.77 (s, 2H), 4.40 (¢,= 7.1 Hz, 2H), 4.23 (q]1 = 7.1 Hz, 2H), 3.36 (s, 3H), 1.41 (t,
J=7.1Hz, 3H), 1.14 () = 7.1 Hz, 3H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 166.4, 166.2, 150.5, 146.8, 143.2, 134.3, 134.2,
130.8, 129.6, 128.6, 124.5, 116.3, 73.7, 62.2,,&/ B, 55.0, 14.3, 13.8.

IR (Diamond-ATR, neat) U (cm): 2974, 2932, 2853, 1712, 1609, 1582, 1572, 1527,
1507, 1495, 1476, 1464, 1454, 1414, 1408, 1392118366, 1355, 1335, 1304, 1296,
1273, 1258, 1228, 1172, 1155, 1123, 1099, 10497,10209, 975, 939, 910, 902, 885,
874, 862, 822, 800, 790, 779, 761, 720, 696, 668, 657.

MS (El, 70 eV) m/z (%): 576 (44) [M], 546 (30), 421 (30), 420 (21), 419 (26), 45
(100), 44(23), 43 (52).

HRMS (EI): m/z calc. for [GiH19Cl2IN2Os] 575.9716, found: 575.9717.
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Preparation of ethyl 2,4-dichloro-6-(4-cyanophenyh3-iodo-1-(methoxymethyl)-1H-
pyrrolo[2,3-b]pyridine-5-carboxylate (33b)

To a solution of ethyl-2,4-dichloro-6-(4-cyanophbrl(methoxymethyl)-H-
pyrrolo[2,3b]pyridine-5-carboxylate 32b; 950 mg, 2.35 mmol, 1.0 equiv) in GEl,

(15 mL) was added recrystallizédiodosuccinimide (1.16 g, 5.17 mmol, 2.2 equiv)eTh
reaction mixture was stirred for 15 h at ambiemigerature. The reaction mixture was
guenched with a sat. aq. 203 solution and extracted with GBI, (3 x 100 mL). The
combined organic layers were dried ovepBla, and concentrated vacuo Purification

of the crude product by flash chromatography ¢Siéhexane/EtOAc = 6:1) afforded
33b as orange solid (1.10 g, 83 %).

mp: 198.3 -199.2 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 7.78 — 7.71(m, 4H), 5.76 (s, 2H), 4.24 (4,=

7.1 Hz, 2H), 3.36 (s, 3H), 1.15 &= 7.1 Hz, 3H).

13C-NMR (CDCl3, 75 MHz) é (ppm): 166.37, 149.5, 147.1, 143.9, 134.8, 132.2, 129.5,
124.7,118.7, 116.9, 112.7, 108.5, 74.1, 62.6,,%A%!, 14.0.

IR (Diamond-ATR, neat) 7 (cm™): 3041, 2991, 2969, 2940, 2854, 2226, 1950, 1726,
1605, 1582, 1532, 1506, 1481, 1461, 1439, 14156,18871, 1337, 1325, 1304, 1275,
1261, 1184, 1164, 1103, 1057, 1025, 1013, 1002, 9I?, 853, 833, 814, 800, 783, 768,
699, 686, 659.

MS (El, 70 eV) m/z (%): 529(29) [M], 499 (14), 45 (100).

HRMS (EI): m/z calc. for [GoH14Cl2IN303] 528.9457, found: 528.9458.

Preparation of ethyl-2,4-dichloro-6-[4-(ethoxycarbmyl)phenyl]-3-(furan-2-
carbonyl)-1-(methoxymethyl)-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (35a)

Prepared according t@P3 from ethyl-2,4-dichloro-6-(4-(ethoxycarbonyl)phéRg-
iodo-1-(methoxymethyl)-Hi-pyrrolo[2,3-b]pyridine-5-carboxylate I3 1.02 g,
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1.73 mmol, 1.0 equiv) anidPrMgCl-LiCl (1.23m in THF, 1.90 mmol, 1.1 equiv) within
10 min at 0 °C. Subsequently, Zn@l m in THF, 2.08 mmol, 1.2 equiv) was added, the
reaction was stirred for 15 min at 0 °C and theale® to -30°C. CuCN-2LIiCl (11 in
THF, 2.08 mmol, 1.2 equiv) was added and the reaatias stirred for 15 min at -30°C,
before furan-2-carbonyl chloridelZf;, 451 mg, 3.46 mmol, 2.0 equiv) was added
subsequently. The mixture was allowed to warm tdiant temperature within 16 h,
quenched with a sat. aq. MWEl solution and extracted with EtOAc (3 x 50 mLheT
combined organic layers were dried overSIa, and concentrateid vacuo Purification

of the crude product by flash chromatography (SiKbexane/EtOAc = 4:1) afforde2ba

as yellow solid (647 mg, 68%).

mp: 99.1 - 100.3 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.12 (d,J = 7.7 Hz, 2H), 7.74 (d) = 7.8 Hz,
2H), 7.65 (s, 1H), 7.21 (d] = 3.5 Hz, 1H), 6.60 (m, 1H), 5.80 (s, 2H), 4.40 JoF
7.0 Hz, 2H), 4.19 (¢ = 7.0 Hz, 2H), 3.43 (s, 3H), 1.41 {t= 7.0 Hz, 3H), 1.10 (] =

7.1 Hz, 3H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 176.6, 166.3, 166.1, 153.3, 151.4, 147.5, 146.4,
143.1, 134.1, 130.9, 130.9, 129.6, 128.6, 125.,202115.9, 112.9, 112.2, 73.0, 62.2,
61.2, 57.5, 14.3, 13.7.

IR (Diamond-ATR, neat) 7 (cm™): 1726, 1712, 1644, 1610, 1597, 1563, 1536, 1514,
1465, 1456, 1421, 1409, 1392, 1366, 1349, 1311512748, 1200, 1179, 1164, 1133,
1107, 1083, 1061, 1048, 1031, 1015, 980, 941, 888, 869, 845, 818, 802, 782, 765,
739, 721, 708, 692, 678, 653.

MS (El, 70 eV) m/z (%): 544 (38) [M], 515 (26), 514 (27), 513 (31), 479 (42), 45
(100), 43 (44).

HRMS (El): m/z calc. for [GeH22Cl.N,O7] 544.0804, found: 544.0802.

Preparation of ethyl-2,4-dichloro-3-cyano-6-(4-(etbxycarbonyl)phenyl)-1-
(methoxymethyl)-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (35b)

Prepared according t@P3 from ethyl-2,4-dichloro-6-(4-(ethoxycarbonyl)phénRg-
iodo-1-(methoxymethyl)-Hi-pyrrolo[2,3-b]pyridine-5-carboxylate I3a 5.19 g,
9.00 mmol, 1.0 equiv) andPrMgClI-LiCl (1.23m in THF, 9.90 mmol, 1.1 equiv) within
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10 min at 0 °C. Subsequentlp;toluenesulfonyl cyanidel@i; 2.44 g, 13.5 mmol,
1.5 equiv) was added and the resulting mixture staged for 30 min at 0 °C, before it
was allowed to warm to ambient temperature withim.3The reaction mixture was
quenched with BD and extracted with EtOAc (3 x 50 mL). The combimeganic layers
were dried over N&O, and concentrateth vacuo Purification of the crude product by
flash chromatography (SiOi-hexane/EtOAc = 6:1) afforded@5b as yellowish solid
(3.58 g, 84%).

mp: 130.4 - 135.8 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.12 (d,J = 8.4 Hz, 2H), 7.70 (dJ = 8.4 Hz,
2H), 5.77 (s, 2H), 4.40 (§,= 7.1 Hz, 2H), 4.24 (q] = 7.1 Hz, 2H), 3.40 (s, 3H), 1.41 (t,
J=7.1Hz, 3H), 1.14 () = 7.1 Hz, 3H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 166.0, 165.7, 152.8, 145.9, 142.6, 138.1, 134.5,
131.2, 129.6, 128.6, 125.7, 115.8, 112.1, 86.%,8&2.5, 61.3, 57.7, 14.3, 13.7.

IR (Diamond-ATR, neat) 7 (cm™): 2987, 2942, 2231, 1714, 1611, 1594, 1541, 1507,
1467, 1460, 1449, 1420, 1395, 1360, 1340, 13126,12763, 1246, 1199, 1186, 1179,
1155, 1136, 1124, 1114, 1104, 1057, 1042, 10221,1987, 967, 951, 918, 907, 878,
869, 859, 846, 831, 820, 800, 792, 775, 764, 720, 683, 652.

MS (El, 70 eV) m/z (%): 475 (15) [M], 445 (11), 410 (12), 45 (100).

HRMS (EI): m/z calc. for [G:H19CI2N3Os] 475.0702, found: 475.0693.

Preparation of ethyl 2,4-dichloro-6-(4-cyanophenyh3-(2-(ethoxycarbonyl)allyl)-1-
(methoxymethyl)-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (36)

Prepared according tolfP3 from ethyl 2,4-dichloro-6-(4-cyanophenyl)-3-iode-1
(methoxymethyl)-H-pyrrolo[2,3b]pyridine-5-carboxylate(33b; 530 mg, 1.00 mmol,
1.0 equiv) andPrMgCI-LiCl (1.23m in THF, 1.1 mmol, 1.1 equiv) within 10 min at
0 °C. Subsequently, Zng€l(1.0m in THF, 1.2 mmol, 1.2 equiv) was added and the
reaction was stirred at 0°C for 15 min, before dsveooled to -30 °C. Then, CuCN- 2LiCl
(1.0m in THF, 1.2 mmol, 1.2 equiv) was added and thatsmi was stirred for 15 min at
-30 °C, before ethyl-2-(bromomethyl)acrylate2b; 232 mg, 1.2 mmol, 1.2 equiv) was
added. The crude reaction mixture was allowed tonw@ ambient temperature within
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1 h, quenched with a sat. aq. MH solution and extracted with EtOAc (3 x 50 mLher
combined organic layers were dried ovepBla, and concentrated vacuo Purification

of the crude product by flash chromatography ¢Sibexane/EtOAc = 10:1) afforde3b

as yellow solid (356 mg, 69%).

mp: 113.6 -115.6 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 7.78 — 7.7Q(m, 4H), 6.24 (s, 1H), 5.73 (s, 2H),
5.10 (s, 1H), 4.31 — 4.18 (m, 4H), 3.98 (s, 2H363(s, 3H), 1.33 (t) = 7.1 Hz, 3H), 1.13

(t, J=7.1 Hz, 3H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 166.7, 166.5, 149.1, 147.2, 143.7, 138.5, 133.8,
132.1, 129.5, 129.3, 125.2, 123.8, 118.5, 116.3,5.1109.3, 72.7, 62.3, 61.0, 57.1, 26.3,
14.2, 13.7.

IR (Diamond-ATR, neat) U (cm™): 2991, 2987, 2925, 2904, 2227, 1730, 1713, 1626,
1608, 1594, 1525, 1471, 1458, 1437, 1427, 14210,14890, 1366, 1336, 1291, 1254,
1243, 1197, 1175, 1137, 1116, 1110, 1060, 10325,1962, 937, 928, 921, 868, 857,
802, 775, 683, 668.

MS (El, 70 eV) m/z (%): 515 (16) [M], 483 (15), 482 (16), 480 (40), 450 (21), 448
(27), 45 (100).

HRMS (EI): m/z calc. for [GsH23CI2N3Os] 515.1015, found: 510.10009.

Preparation of ethyl-4-chloro-3-cyano-6-(4-(ethoxyarbonyl)phenyl)-1-
(methoxymethyl)-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (37)

A microwave vial equipped with a stirring bar wasagged with ethyl-2,4-dichloro-3-
cyano-6-(4-(ethoxycarbonyl)phenyl)-1-(methoxymejki-pyrrolo[2,3-b]pyridine-5-
carboxylate 85b; 1.05 g, 2.20 mmol, 1.0 equiv) in ethanol (32 ML O,NH, (416 mg,
6.60 mmol, 3.0 equiv) and Pd/C (99 mg, 0.04 mmahd%) were added, the vial was
sealed and the reaction mixture was heated usBigtage Initiator 2.5 systerf100 °C,
35 W, 1 h). The mixture was allowed to cool to rommperature, before another portion
of Pd/C (99 mg, 0.04 mmol, 2 mol%) was added amdntixture was again exposed to
microwave irradiation for 1 h. This cycle was rejgela2 h more (total reaction time: 4 h).
After the last reaction cycle, the mixture wasaba to cool to ambient temperature and
filtered through Celit& After filtration, the solvent was removéu vacuo Purification
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of the crude product by flash chromatography ¢(Sichexane/EtOAc = 4:1) affordefi7

as colorless solid (738 mg, 76%).

mp.: 161.8 — 163.4 °C.

'H-NMR (CDCl 3, 300 MHz)é (ppm): 8.12 (d,J = 8.3 Hz, 2H), 8.00 (s, 1H), 7.71 @,

= 8.3 Hz, 2H), 5.69 (s, 2H), 4.41 (= 7.1 Hz, 2H), 4.24 (q] = 7.1 Hz, 2H), 3.36 (s,
3H), 1.41 (tJ = 7.1 Hz, 3H), 1.14 (] = 7.1 Hz, 3H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 166.1, 166.0, 153.1, 146.7, 142.9, 137.5, 135.7,
131.1, 129.6, 128.6, 125.1, 116.2, 113.9, 86.8,82.4, 61.2, 57.4, 14.3, 13.8.

IR (Diamond-ATR, neat) 7 (cm™): 2229, 1732, 172, 1538, 1398, 1365, 1276, 1185,
1104, 1017, 918, 863, 770 719.

MS (El, 70 eV) miz (%): 441 (40) [M], 413 (27), 412 (43), 411 (71), 410 (83), 396
(23), 97 (12), 71 (11), 69 (11), 57 (16), 45 (100).

HRMS (EI): m/z calc. for [GaH20CIN3Os] 441.1091, found: 441.1091.

Preparation of ethyl-4-chloro-3-cyano-6-(4-(ethoxyarbonyl)phenyl)-1-
(methoxymethyl)-2-(phenylthio)-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (4a)

Prepared according t©P4 from ethyl-4-chloro-3-cyano-6-(4-(ethoxycarbonyigmyl)-
1-(methoxymethyl)-H-pyrrolo[2,3b]pyridine-5-carboxylate 37; 185 mg, 0.42 mmol,
1.0 equiv) in anhydrous THF (4 mL) and TMPMgCI-Li@l175m in THF, 0.46 mmol,
1.1 equiv) within 5 min at -30 °C. Subsequen®phenyl benzenesulfonothioat®2y;
136 mg, 0.55 mmol, 1.3 equiv) was added at the semmperature. Within 1 h, the
reaction mixture was allowed to warm up to ambtentperature, quenched with sat. aq.
NH,4CI solution and extracted with EtOAc (3 x 10 mL)héel combined organic layers
were dried over N&O, and concentrateith vacuo Purification of the crude product by
flash chromatography (SO i-hexane/EtOAc = 7:1) affordeda as colorless solid
(180 mg, 78%).

mp.: 111.2 - 113.2 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.11 (d,J = 8.4 Hz, 2H), 7.71 (dJ = 8.4 Hz,
2H), 7.46 — 7.44 (m, 2H), 7.38 — 7.34 (m, 3H), 5(802H), 4.40 (g, = 7.1 Hz, 2H),
4.24 (9= 7.2 Hz, 2H), 3.32 (s, 3H), 1.41 {§tz 7.1 Hz, 3H), 1.14 () = 7.1 Hz, 3H).
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3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 166.1, 165.8, 153.2, 147.6, 144.3, 142.8, 134.8,
131.4, 131.2, 131.1, 129.8, 129.6, 128.9, 128.6,412116.6, 113.2, 93.3, 73.5, 62.5,
61.2,57.4, 14.3, 13.8.

IR (Diamond-ATR, neat) V' (cmY): 2923, 2229, 1739, 1708, 1538, 1439, 1393, 1281,
1246, 1201, 1182, 1116, 1108, 1017, 1000, 946, 822,833, 766, 755, 701, 653.

MS (El, 70 eV) m/z (%): 549 (84) [M], 519 (24), 518 (13), 504 (13), 486 (16), 410
(15), 91 (14), 45 (100).

HRMS (El): m/z calc. for [GgH24CIN3O0sS] 549.1125, found: 549.1117.

Preparation of ethyl-4-chloro-3-cyano-6-(4-(ethoxyarbonyl)phenyl)-1-
(methoxymethyl)-2-(p-tolyl)-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (4b)

Prepared according t©P4 from ethyl-4-chloro-3-cyano-6-(4-(ethoxycarbonyigmyl)-
1-(methoxymethyl)-H-pyrrolo[2,3b]pyridine-5-carboxylate 37, 221 mg, 0.50 mmol,
1.0 equiv) and TMPMgCI-LiCl (1.17& in THF, 0.55 mmol, 1.1 equiv) within 5 min at
-30 °C. Subsequently, Zn(1 M in THF, 0.60 mmol, 1.2 equiv) was added and the
mixture was allowed to warm to ambient temperatwithin 15 min. The generated
organometallic was then added to a solution ofdbtoluene 12k; 163 mg, 0.75 mmol,
1.5equiv) and Pd(PRR2 (17 mg, 0.02 mmol, 3 mol%) in THF (1 mL) and the
suspension was stirred for 4 h at room temperatguenched with sat. aq. NEl
solution and extracted with EtOAc (3 x 10 mL). Tdenbined organic layers were dried
over NaSQ, and concentrateth vacuo Purification of the crude product by flash
chromatography (Si§) i-hexane/EtOAc = 10:1) affordedb as yellow oil (239 mg,
90%).

'H-NMR (CDCl3, 300 MHz) ¢ (ppm): 8.13 (d,J = 8.4 Hz, 2H), 7.74 (dd) = 8.3,

3.9 Hz, 4H), 7.40 (d) = 8.0 Hz, 2H), 5.60 (s, 2H), 4.41 @& 7.1 Hz, 2H), 4.26 (q] =

7.2 Hz, 2H), 3.52 (s, 3H), 2.46 (s, 3H), 1.41( 7.1 Hz, 3H), 1.15 (1) = 7.1 Hz, 3H).
13C-NMR (CDCl3, 75 MHz) é (ppm): 166.2, 166.1, 152.5, 152.1, 147.7, 143.1, 141.7,
134.8, 130.9, 130.0, 130.0, 129.6, 128.6, 125.2,112116.6, 115.1, 85.0, 73.6, 62.4,
61.2, 57.9, 21.6, 14.3, 13.8.

IR (Diamond-ATR, neat) 7 (cm™): 2985, 2931, 2220, 1730, 1718, 1610, 1541, 1492,
1464, 1450, 1422, 1406, 1363, 1307, 1290, 12678,12222, 1203, 1192, 1174, 1122,
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1093, 1057, 1013, 983, 978, 936, 922, 907, 871, 863, 839, 831, 812, 801, 791, 782,
773,767, 728, 720, 690, 661.

MS (El, 70 eV) m/z (%): 531 (26) [M], 502 (12), 501 (12), 500 (39), 466 (14).

HRMS (EI): m/z calc. for [GgH26CIN3Os] 531.1561, found: 531.1555.
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3. PREPARATION AND REACTIONS OFHETEROARYLMETHYLZINC REAGENTS

3.1 PREPARATION OFSTARTINGMATERIALS
All reagents were obtained from commercial sources.

Preparation of 6-bromo-2-fluoro-3-iodopyridine

N I

=

Br N F
To a solution of 2-bromo-6-fluoropyridine (12.324).0 mmol, 1.0 equiv) in anhydrous
THF (70 mL) was added dropwise freshly prepared LOA.5 mmol, 1.1 equiv) at
-78 °C and the reaction mixture was stirred at teimperature for 1 2 Then, }
(17.77 g, 70.0 mmol, 1.0 equiv) dissolved in anbydrTHF (40 mL) was added and the
reaction mixture was allowed to warm to -60 °C with.5 h. At this temperature, the
reaction mixture was quenched with a sat. agSpx solution and extracted with
EtOAc (3 x 200 mL). The combined organic layers everashed with a sat. aq. NacCl
solution, dried over N&O, and concentrateish vacuo Purification of the crude product
by flash chromatography (SiOi-hexane/EtOAc = 60:1) afforded 6-bromo-2-fluoro-3-
iodopyridine as a colorless solid (17.33 g, 82%).
mp.: 67.3 — 74.8 °C.
'H-NMR (CDCl 3, 300 MHz) 6 (ppm): 7.96 (t,J = 8.0 Hz, 1H), 7.15 (dl = 7.9 Hz, 1H).
3C-NMR (CDCl3, 75 MHz) é (ppm): 160.9 (d,J (C — F) = 242.2 Hz), 151.4 (d,(C —
F) = 2.9 Hz), 138.6 (d] (C — F) = 12.4 Hz), 127.1 (d,(C — F) = 5.3 Hz), 74.1 (d,(C -
F) = 41.4 Hz).
IR (Diamond-ATR, neat) V' (cmY): 1555, 1541, 1421, 1395, 1373, 1345, 1262, 1228,
1143, 1120, 1016, 1002, 886, 864, 823, 795, 728, 68
MS (El, 70 eV) m/z (%): 301 (100) [M], 221 (50), 95 (35).
HRMS (EI): m/z calc. for [GH2BrFIN] 300.8399, found300.8378.

Preparation of (2-chloroquinolin-3-yl)methanol

N OH
~
N- CI
Prepared according to the known literature proag@ufrom commercially available 2-

chloro-3-formylquinoline (664 mg, 3.47 mmol, 1.0uaqg and NaBH (157 mg,

222 The regioselective lithiation of 2-bromo-6-fluosgitline proceeds analogously to the known lithiatio
of 2-chloro-6-fluoropyridine, see: Q. Zhou, B. Bii&er,Org. Lett.2011, 13, 526.
225 Kumar, D. Kaushik, S. Bawa, S. A. Kh&@hem. Biol. Drug De2012, 79, 104.
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4.16 mmol, 1.2 equiv) in anhydrous MeOH (20 mL)eTkaction mixture was stirred for
1 h at 25 °C. The solvent was remowedacuoand the residue was triturated withCH
Filtration afforded (2-chloroquinolin-3-yl)methana$ a beige solid (589 mg, 88%).

mp.: 164.7 — 166.3 °C.

'H-NMR (DMSO-d§, 400 MHz) é (ppm): 8.45 (s, 1H), 8.07 (d] = 8.0 Hz, 1H), 7.94
(d,J = 8.4 Hz, 1H), 7.79 — 7.75 (m, 1H), 7.65 — 7.61 {iH), 5.72 (tJ = 5.3 Hz, 1H),
4.68 (d,J = 4.6 Hz, 2H).

3C-NMR (DMSO-dg, 100 MHz) & (ppm): 148.4, 146.0, 135.9, 133.9, 130.1, 127.9,
127.5, 127.2, 127.2, 59.9.

IR (Diamond-ATR, neat) 7 (cm™): 3408, 3404, 3400, 3395, 3390, 3385, 3382, 3378,
3369, 3351, 3347, 3327, 3323, 3319, 2918, 29127,28589, 1567, 1490, 1458, 1442,
1398, 1358, 1346, 1326, 1206, 1165, 1143, 11370,10025, 1013, 989, 984, 961, 927,
906, 865, 804, 780, 761, 737, 672.

MS (El, 70 eV) m/z (%): 195 (31), 193 (100) [M, 164 (57), 158 (58), 156 (49), 130
(33), 129 (51), 128 (87).

HRMS (EIl): m/z calc. for [GoHsCINO] 193.0294, found: 193.0294.

Preparation of 3-bromo-1H-pyrrolo[2,3-b]pyridine
Br

DR

NN

Prepared according to the known literature proagduby adding a solution of Br

(16.0 g, 100 mmol, 1.0 equiv) in CHQWO mL) to a solution of commercially available

7-azaindole (11.8 g, 100 mmol, 1.0 equiv) in CH@50 mL) at 0 °C. The reaction

mixture was stirred at this temperature for 1 kerganed with a sat. aq. p&0Os solution

and extracted with CiLl, (3 x 500 mL). The combined organic layers werehedswith

a sat. ag. NaCl solution, dried over,88, and concentrateid vacuo Purification of the

crude product by flash chromatography (§ichexane/EtOAc = 5:1) afforded 3-bromo-

1H-pyrrolo[2,3b]pyridine as a yellowish solid (17.1 g, 87%).

mp: 163.1 — 165.2 °C.

'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 10.91 (s, 1H), 8.35 (ddl = 5.0, 1.0 Hz, 1H),

8.01 (ddJ=7.9,1.2 Hz, 1H), 7.46 (s, 1H), 7.23 (d&; 7.7, 4.9 Hz, 1H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 145.2, 141.0, 129.9, 125.7, 121.4, 116.2, 89.7.
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IR (Diamond-ATR, neat) U (cm™): 1652, 1640, 1616, 1611, 1586, 1497, 1400, 1334,
1327, 1287, 1273, 1244, 1208, 1195, 1115, 10938,1980, 972, 963, 924, 895, 889,
800, 787, 763, 683, 674, 663.

MS (El, 70 eV) m/z (%): 198 (100). 196 (97) [V, 117 (28), 116 (19), 90 (30), 63 (13).
HRMS (El): m/z calc. for [GHsBrN] 195.9636, foundi95.9631.

Preparation of 3-bromo-1-((trifluoromethyl)sulfonyl)-1 H-pyrrolo[2,3-b]pyridine

Br
DR
N7 N

SO,CF,

To a solution of 3-bromoH-pyrrolo[2,3b]pyridine (28.8 g, 146 mmol, 1.0 equiv) in
CH)CIl, (500 mL) were added pyridine (18.85 mL, 234 mmal6 equiv) and
trifluoromethanesulfonic anhydride (49.4 g, 175 minb2 equiv) at 0 °C, and the
reaction mixture was stirred at this temperature foh. The reaction mixture was
quenched with a sat. ag. MEl solution and extracted with G8l, (3 x 300 mL). The
combined organic layers were washed with a satNag.l solution, dried over N8O,
and concentrateth vacug Purification of the crude product by flash chronga&phy
(SiO,, i-hexane/EtOAc = 40:1) afforded 3-bromo-1-((trifloarethyl)sulfonyl)-H-
pyrrolo[2,3b]pyridine as a colorless solid (32.2 g, 67%).
mp: 71.7-73.9 °C.
'H-NMR (CDCl 5, 300 MHz) é (ppm): 8.57 (ddJ = 4.8, 1.4 Hz, 1H), 7.94 (dd,= 7.9,
1.5 Hz, 1H), 7.58 (s, 1H), 7.43 (dil= 7.9, 4.8 Hz, 1H).
3C-NMR (CDCl3, 75 MHz) é (ppm): 147.2, 147.1, 129.4, 125.0, 122.9, 121.1, 119.3
(0,J (C —F)=323.4 Hz), 99.4.
IR (Diamond-ATR, neat) 7 (cm): 3148, 3129, 1582, 1575, 1418, 1390, 1334, 1326,
1298, 1273, 1229, 1209, 1198, 1169, 1152, 11194,11048, 1032, 983, 977, 937, 906,
898, 891, 886, 882, 865, 857, 801, 774, 764, 782, 694, 688, 685, 680, 667.
MS (El, 70 eV) m/z (%): 330 (49), 328 (49) [M, 266 (20), 264 (19), 197 (84), 195
(93), 116 (100).
HRMS (El): m/z calc. for [GH4BrFsN,0,S] 327.9129, found327.9121.
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Preparation of 3-bromo-2-chloro-1-((trifluoromethyl)sulfonyl)-1H-pyrrolo[2,3-
b]pyridine
Br

Z>N

N \
SO,CF5

To a solution of 3-bromo-1-((trifluoromethyl)sulfgi- 1H-pyrrolo[2,3b]pyridine
(30.9 g, 94 mmol, 1.0 equiv) in anhydrous THF (90)rwas added TMPMgCI- LiCl
(1.20M in THF, 141 mmol, 1.5 equiv) at 0 °C and the rigactnixture was stirred at this
temperature for 1 h. Then, neat benzenesulfongricid (20.0 g, 113 mmol, 1.2 equiv)
was added and the reaction mixture was allowedaionwto room temperature, quenched
with a sat. aq. NECI solution and extracted with GBI, (3 x 300 mL). The combined
organic layers were washed with a sat. aq. NaQitisol, dried over NgO, and
concentratedn vacuo Purification of the crude product by flash chrongaphy (SiQ,
i-hexane/EtOAc = 10:1) afforded 3-bromo-2-chlorodtf{uoromethyl)sulfonyl)-H-
pyrrolo[2,3b]pyridine as an off-white solid (31.9 g, 93%).
mp: 89.7 -91.6 °C.
'H-NMR (CDCl 5, 300 MHz) é (ppm): 8.53 (dd,J = 4.8, 1.5 Hz, 1H), 7.86 (dd,= 7.9,
1.5 Hz, 1H), 7.42 (dd] = 7.9, 4.9 Hz, 1H).
3C-NMR (CDCl3, 75 MHz) 6 (ppm): 147.6, 146.9, 128.4, 125.4, 121.8, 121.6, 119.2
(g,J (C—-F)=323.4Hz), 101.4.
IR (Diamond-ATR, neat) U (cm™): 1734, 1580, 1535, 1475, 1432, 1413, 1391, 1370,
1365, 1333, 1309, 1305, 1257, 1245, 1222, 120838,11867, 1134, 1109, 1092, 1078,
1073, 1068, 1054, 1044, 1016, 1008, 999, 996, 948, 935, 931, 923, 906, 902, 898,
889, 883, 877, 873, 869, 866, 847, 795, 783, 78Q, 745, 726, 706, 701, 689, 685, 680,
667.
MS (El, 70 eV) m/z (%): 364 (32), 362 (23) [M, 300 (20), 298 (24), 231 (100), 229
(82), 152 (27), 150 (81), 109 (23), 887 (24).
HRMS (EI): m/z calc. for [GH3BrCIFsN.0,S] 361.8739, found361.8730.

3.2TYPICALPROCEDURES

Typical procedure 1 (TP1): Preparation of (dimethyhmino)methyl heteroarenes of
type 49

A dry and argon flushe8chlenkflask equipped with a magnetic stirrer and a sepitas
charged withN,N,N’,N’-tetramethylmethanediamine (1.1 equiv) and anhyai©GHLCl,
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(1.0m). At O °C neat trifluoroacetic anhydride (1.1 equivas added dropwise. After the
highly exothermic reaction subsided and the smagsighted, the cooling was removed
and the solution was allowed to warm up to 25 °@ stirred for 5 min. The solution of
methylene(dimethyl)iminium trifluoroacetate was nheannulated dropwise at the
indicated temperature to a solution of the orgaralie reagent $1; 1.0 equiv). The
reaction was found to be complete immediately a#tkrof the solution had been
transferred. The crude mixture was quenched witkata ag. NaHC® solution and
extracted with EtOAc (3 x 50 mL). The combined arigdayers were washed with a sat.
ag. NaCl solution, dried over B0, and concentrateith vacuo The crude residue was

purified by flash chromatography.

Typical procedure 2 (TP2): Preparation of heteroarymethyl chlorides of type 48
from (dimethylamino)methyl heteroarenes of type 49

A dry and argon flushe8chlenkflask equipped with a magnetic stirrer and a sepias
charged with the (dimethylamino)methyl compour®; (1.0 equiv) and anhydrous
CHCI; (1.0m). At O °C ethyl chloroformate (1.1 equiv) was addgropwise and the
reaction mixture was stirred at this temperature 3@ min. The mixture was then
qguenched with D and extracted with EtOAc (3 x 50 mL). The combimeganic layers
were washed with a sat. aq. NaCl solution, drieer N&SO, and concentrateid vacuo

The crude residue was purified by flash chromafolgya

Typical procedure 3 (TP3): Preparation of heteroarymethylzinc chlorides of type
53 by LiCl-promoted direct zinc insertion into heteoarylmethyl chlorides of type 48

A dry and argon flushe8chlenkflask equipped with a magnetic stirrer and a sepitas
charged with LiCl (1.5 equiv). The flask was heated650 °C for 5 min under high
vacuum using a heat gun. After cooling to 25 °@, flask was flushed with argon and
charged with Zn dust (1.5 equiv), followed by antoggs THF (1.0m). Neat 1,2-
dibromoethane (5 mol%) was added and the resustirsgpension was brought to reflux
using a heat gun. After cooling to 25 °C, neat dtlimethylsilane (1 mol%) was added
and the mixture was heated again to reflux usingeat gun. The suspension of the
activated Zn dust was allowed to cool to 25 °C #reh the heterobenzyl chloridé&
1.0 equiv) was added as a MGolution in anhydrous THF. After the insertion rgac
was finished (checked by GC analysis of hydrolymsttion aliquots), th8chlenkflask

was centrifuged for 30 min at 2000 rpm. The supgamtasolution was cannulated into

142



C.EXPERIMENTAL SECTION

another dry and argon flush&thlenkflask. The yield of the resulting heteroarylmethyl

zinc chloride was determined by iodometric titrattd®

Typical procedure 4 (TP4): Negishi cross-coupling reactions  of
heteroarylmethylzinc chlorides of type 53

A dry and argon flushe8chlenkflask equipped with a magnetic stirrer and a sepuas
charged with the aryl or heteroaryl halide (0.9iegand anhydrous THF (1.Q). The
appropriate Pd-catalyst and ligand were added heddaction mixture was stirred at
25 °C for 5 min. At 0 °C the heteroarylmethylzinglaride 63; 1.0 equiv) was added
dropwise and the reaction mixture was allowed tonwap to 25 °C or heated to 50 °C.
Stirring was continued for 16 h until completiontbé reaction (checked by GC analysis
of reaction aliquots). The reaction mixture wasntlgpienched with a sat. aq. NH
solution and extracted with EtOAc (3 x 50 mL). Thembined organic layers were
washed with a sat. aq. NaCl solution, dried ovesSTa and concentrateth vacuo The
crude residue was purified by flash chromatography.

Typical procedure 5 (TP5): Addition reactions of héeroarylmethylzinc chlorides of
type 53 to aldehydes and S-benzenesulfonothioates

A dry and argon flushe&chlenkflask, equipped with a magnetic stirrer and a saptu
was charged with the aldehyde or tBéenzenesulfonothiodt€ (0.9 equiv) and
anhydrous THF (1.®). The heteroarylmethylzinc chlorid®é3 1.0 equiv) was added
dropwise at 0 °C and the reaction mixture was albwo warm to 25 °C or heated to
50 °C. Stirring was continued for 16 h until contjga of the reaction (checked by GC
analysis of reaction aliquots). The reaction migtwas then quenched with a sat. aqg.
NH,4CI solution and extracted with EtOAc (3 x 50 mLhelcombined organic layers
were washed with a sat. aq. NaCl solution, drieer ?N&SO, and concentrateid vacuo
The crude residue was purified by flash chromafolgya

Typical procedure 6 (TP6): Acylation reactions of leteroarylmethylzinc chlorides of
type 53

A dry and argon flushe&chlenkflask, equipped with a magnetic stirrer and a saptu
was charged with CuCN-2LiCl (1M solution in THF, 1.1 equiv) and cooled to —30 °C.
The heteroarylmethylzinc zinc chlorid63 1.0 equiv) was added dropwise at —30 °C
and the mixture was stirred for 10 min. Then, tatnacid chloride (0.9 equiv) was
added dropwise and the reaction mixture was allow@dslowly warm to room
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temperature. Stirring was continued for 16 h wmiinpletion of the reaction (checked by
GC analysis of reaction aliquots). The reactiontarix was then quenched with a sat. aq.
NH4Cl solution and extracted with EtOAc (3 x 50 mLhelcombined organic layers
were washed with a sat. aq. NaCl solution, drieer ?N&SO, and concentrateid vacuo

The crude residue was purified by flash chromaitalgya

Typical procedure 7 (TP7): Allylation reactions ofheteroarylmethylzinc chlorides of
type 53

A dry and argon flushe®&chlenkflask, equipped with a magnetic stirrer and a septu
was charged with the heteroarylmethylzinc chlo(e® 1.0 equiv) and cooled to —30 °C.
CuCN-2LIiCl (1.0m solution in THF, 5 mol%) was added dropwise at <B0and the
mixture was stirred for 10 min. Then, the neat lallyomide (0.9 equiv) was added
dropwise and the reaction mixture was allowed tavkf warm to room temperature.
Stirring was continued for 16 h until completiontbé reaction (checked by GC analysis
of reaction aliquots). The reaction mixture wasntlgpienched with a sat. aq. NH
solution and extracted with EtOAc (3 x 50 mL). Teembined organic layers were
washed with a sat. aq. NaCl solution, dried ovesSTa and concentrateih vacuo The

crude residue was purified by flash chromatography.

3.3PREPARATION OKDIMETHYLAMINOMETHYLHETEROARENES
Preparation of 1-(6-bromo-2-fluoropyridin-3-yl)- N,N-dimethylmethanamine (49a)
/E\//E\NMeZ

Br™ "N” °F
To a solution of 6-bromo-2-fluoro-3-iodopyridine509g, 50.0 mmol, 1.0 equiv) in
anhydrous THF (50 mL) was added dropwBeMgCI- LiCl (1.23m in THF, 50.0 mmol,
1.0 equiv) at —30 °C and the reaction mixture wasesl at this temperature for 30 min.
The generated organometalll®la was then reacted according #P1 at -30 °C.
Purification of the crude product by flash chrongasphy (SiQ, i-hexane/EtOAc = 1:1)
afforded49aas a yellowish oil (10.07 g, 86%).
'H-NMR (CDCl 3, 300 MHz) é (ppm): 7.68 (t,J = 8.4 Hz, 1H), 7.34 (dJ = 7.7 Hz,
1H), 3.40 (s, 2H), 2.23 (s, 6H).
3C-NMR (CDCl3, 75 MHz) é (ppm): 160.3 (d,J (C — F)= 246.4 Hz), 143.5 (d] (C -
F)= 5.3 Hz), 136.5 (dJ (C — F)= 13.9 Hz), 125.6 (d] (C — F)= 5.0 Hz), 119.5 (dJ (C
—F)=27.4 Hz), 55.5 (dJ (C - F)= 2.5 Hz), 45.2.
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IR (Diamond-ATR, neat) U (cm™): 2944, 2861, 2821, 2773, 1592, 1565, 1465, 1427,
1388, 1363, 1328, 1292, 1261, 1189, 1173, 11484,11@94, 1025, 964, 891, 852, 823,
795, 745, 737, 661.

MS (El, 70 eV) m/z (%): 232 (25) [M], 190 (28), 188 (29), 109 (17), 58 (100).

HRMS (EIl): m/z calc. for [GH10BrFN;] 232.0011, found: 232.0000.

Preparation of [(2,4-dimethoxypyrimidin-5-yl)methyl]dimethylamine (49c)
OMe
/Nl N NMe,
MeO™ N
To a solution of 2,4-dimethoxy-5-bromo-pyrimidfie(4.82 g, 22.0 mmol, 1.0 equiv.) in
anhydrous THF (22 mL) was added dropwBeMgCI- LiCl (1.34m in THF, 24.2 mmol,
1.1 equiv) at —20 °C and the reaction mixture waeesl at this temperature for 2 h. The
generated organometalliclc was then reacted accordingT@1 at -20 °C. Purification
of the crude product by flash chromatographyQ3) ELO/ i-hexane = 4:1) affordedi9c
as a yellow oil (3.62 g, 83%).
'H-NMR (CDCl 3, 300 MHz)é (ppm): 7.97 (s, 1H), 3.85 (d] = 5.0 Hz, 6H), 3.18 (s,
2H), 2.11 (s, 6H).
13C-NMR (CDCl3, 75 MHz) é (ppm): 169.5, 164.5, 158.5, 111.4, 54.6, 54.4, 53.8).44.
IR (Diamond-ATR, neat) U (cm'): 2974, 2945, 2899, 2858, 2817, 2767, 1678, 1600,
1565, 1454, 1395, 1383, 1359, 1330, 1290, 12368,11975, 1143, 1096, 1071, 1055,
1016, 959, 936, 845, 822, 790, 762, 733.
MS (El, 70 eV) m/z (%): 197 (73) [M], 153 (60), 153 (79), 153 (100), 153 (19), 123
(19), 96 (16), 58 (20), 55 (22), 42 (31).
HRMS (El): m/z calc. for [GH15N30;] 197.1164, foundi97.1168.

Preparation of 1-(2,6-dimethoxypyrimidin-4-yl)-N,N-dimethylmethanamine (49d)

OMe
Ni
|
Meo)\N/ NMe,

To a solution of 4-iodo-2,6-dimethoxypyrimidiffé (266 mg, 1.0 mmol, 1.0 equiv) in
anhydrous THF (2 mL) was added dropwiBeMgCl-LiCl (1.23m in THF, 1.1 mmol,

1.1 equiv) at —40 °C and the reaction mixture wasesl at this temperature for 5 min.

224N, Boudet, S. R. Dubbaka, P. Knoch@tg. Lett 2008 10, 1715.
225 M. Mosrin, N. Boudet, P. KnocheQrg. Biomol. Chem2008 6, 3237.
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The generated organometalli®ld was then reacted according TPl at -40 °C.
Purification of the crude product by flash chrongaéphy (AbOs, i-hexane/ BEO = 2:1)
afforded49d as a yellowish oil (156 mg, 79 %).

'H-NMR (CDCl 3, 300 MHz) é (ppm): 6.49 (s, 1H), 3.94 (d] = 5.8 Hz, 6H), 3.54 —
3.46 (m, 2H), 2.34 (s, 6H).

13C-NMR (CDCl3, 75 MHz) é (ppm): 172.2, 169.1, 165.2, 100.0, 63.9, 54.7, 53.83.45.
IR (Diamond-ATR, neat) 7 (cm™): 1591, 1563, 1478, 1455, 1377, 1347, 1283, 1251,
1201, 1098, 1043, 1029, 980, 942, 934, 923, 892, 852, 812, 790, 776, 767, 759, 745,
725, 708, 690, 685, 677, 671, 662, 658, 652.

MS (El, 70 eV) m/z (%): 196 (1) [M-H]J’, 155 (9), 154 (100).

HRMS (EI): m/z calc. for [GH14N305] 196.1086 [M-HT, found:196.1068.

Preparation of 1-(2-chloro-1-(methoxymethyl)-H-pyrrolo[2,3-b]pyridin-5-yl)- N,N-
dimethylmethanamine (49h)

Me,N | NN
N“N
MOM
To a solution of 5-bromo-2-chloro-1-(methoxymethifj-pyrrolo[2,3b]pyridine (19;
275 mg, 1.0 mmol, 1.0 equiv) in anhydrous THF (4)mdas added dropwiseBuLi

(2.61m in THF, 1.0 mmol, 1.0 equiv) at —78 °C and thectied mixture was stirred at

Cl

this temperature for 10 min, before Mg@).5m in THF, 2.2 mL, 1.1 equiv) was added.
The generated organometalll®lh was then reacted according TPl at -78 °C.
Purification of the crude product by flash chrongaéphy (ALO;3, i-hexane/BO = 5:1)
afforded49h as a brownish oil (121 mg, 48 %).

'H-NMR (CDCl3, 300 MHz) & (ppm): 8.21 (d,J = 1.5 Hz, 1H), 7.77 (dJ = 1.5 Hz,
1H), 6.42 (s, 1H), 5.68 (s, 2H), 3.50 (s, 2H), 3(853H), 2.24 (s, 6H).

3C-NMR (CDCl3, 75 MHz) 6 (ppm): 147.3, 144.4, 128.4, 127.7, 127.3, 119.8, 99.7,
72.1,61.8,56.7, 45.1.

IR (Diamond-ATR, neat) 7 (cm™): 2940, 2818, 2770, 1714, 1571, 1513, 1473, 1394,
1250, 1168, 1085, 1041, 914, 739.

MS (El, 70 eV) m/z (%): 253 (54) [M], 222 (26), 209 (89), 179 (100), 58 (48), 45 (73).
HRMS (EI): m/z calc. for [GoH16CIN3O] 253.0982, found253.0976.
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Preparation of 1-(2-chloro-1-((trifluoromethyl)sulfonyl)-1H-pyrrolo[2,3-b]pyridin-
3-yl)-N,N-dimethylmethanamine (49i)

NMez
X
ZN

N \
SO,CF,

To a solution of 3-bromo-2-chloro-1-((trifluoromegtjsulfonyl)-1H-pyrrolo[2,3-
blpyridine (31.3 g, 86 mmol, 1.0 equiv) in anhydrotisiF (160 mL) was added
iPrMgClI-LiCI (1.23m in THF, 94.6 mmol, 1.1 equiv) at -78 °C and thacten mixture
was stirred at this temperature for 5 min. The gmee organometalli&li was then
reacted according torP1 at -78 °C. Purification of the crude product bysfia
chromatography (Si§) i-hexane/EtOAc = 5:1, 2% triethylamine) affordd@i as a
slightly orange solid (25.9 g, 88%).
mp: 77.2-79.7 °C.
'H-NMR (CDCl 5, 300 MHz) é (ppm): 8.48 (ddJ = 4.8, 1.6 Hz, 1H), 8.12 (dd,= 7.9,
1.6 Hz, 1H), 7.32 (dd] = 7.9, 4.8 Hz, 1H), 3.60 (s, 2H), 2.28 (s, 6H).
3C-NMR (CDCl3, 75 MHz) 6 (ppm): 148.8, 145.9, 129.2, 124.5, 122.1, 121.2, 119.4
(q,J (C — F) = 323.8 Hz), 118.4, 53.3, 45.4.
IR (Diamond-ATR, neat) 7 (cm™): 2977, 2945, 2863, 2819, 2768, 1600, 1566, 1468,
1456, 1446, 1434, 1412, 1397, 1355, 1272, 12609,12241, 1210, 1179, 1166, 1148,
1121, 1100, 1042, 1026, 1004, 991, 970, 954, 939, 906, 893, 888, 884, 877, 872,
869, 865, 850, 822, 811, 790, 771, 739, 735, 738, 725, 719, 713, 684, 669, 664, 656.
MS (El, 70 eV) m/z (%): 341 (58) [M], 297 (45), 235 (32), 233 (100), 208 (27), 165
(51), 164 (35), 129 (30), 103 (31), 102 (42).
HRMS (EIl): m/z calc. for [GiH11CIFsN30,S] 341.0213, found341.0211.

Preparation of 1-(3,5-dichloropyrazin-2-yl)N,N-dimethylmethanamine (49))

Cl N\ Cl
\[N/j/\/NMez
To a solution of 3,5-dichloro-2-iodopyrazf® (2.75g, 10.0 mmol, 1.0 equiv) in
anhydrous THF (20 mL) was added dropwBeMgCI-LiCl (1.23m in THF, 11.0 mmol,
1.1 equiv) at =78 °C and the reaction mixture wasesl at this temperature for 5 min,

before ZzZnC} (1.0 m in THF, 12.0 mL, 1.2 equiv) was added. The gemerat

organometalli®&1j was then reacted according®B1 at -30 °C. Purification of the crude
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product by flash chromatography ($jQ-hexane/EtOAc = 2:1) afforded9j as an
orange oil (1.05 g, 51 %).

'H-NMR (CDCl 3, 300 MHz) 4 (ppm): 8.49 (s, 1H), 3.71 (s, 2H). 2.34 (s, 6H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 150.5, 147.3, 145.7, 141.8, 60.7, 45.7.

IR (Diamond-ATR, neat) V' (cmY): 2944, 2821, 2772, 1535, 1515, 1465, 1454, 1420,
1360, 1320, 1277, 1259, 1243, 1182, 1152, 11297,10978, 1042, 1027, 961, 900, 887,
847,782, 727.

MS (El, 70 eV) m/z (%): 205 (1) [M7], 164 (24), 162 (37), 58 (100).

HRMS (El): m/z calc. for [GHoCI2N3] 205.0174, found205.0128.

Preparation of N,N-dimethyl-1-(quinolin-3-yl)methanamine (49Kk)

b
N

To a solution of BUuMgClI (1.5 in THF, 18.5 mmol, 0.37 equiv) in anhydrous THF
(50 mL) was added dropwis#uLi (2.42M in hexane, 38.0 mmol, 0.76 equiv) at —10 °C
and the reaction mixture was stirred at this temmoee for 1 h. Then, a solution of 3-
bromoquinoling(10.4 g, 50.0 mmol, 1.0 equiv) in anhydrous THF 8l0) was added at
-30 °C and the resulting mixture was allowed ta sti -10 °C for 30 miA?® The
generated organometallidlk was then reacted according®®1 at -10 °C. Purification
2:1, 2%

of the crude product by flash chromatography gSiGhexane/EtOAc
triethylamine) afforded9k as a yellow oil (2.32 g, 70%).

'H-NMR (CDCI 5, 300 MHz) é (ppm): 8.84 (d,J = 2.0 Hz, 1H), 8.08 (dJ = 8.4 Hz,
1H), 8.04 (dJ = 1.0 Hz, 1H), 7.77 (d) = 8.2 Hz, 1H), 7.68 — 7.63 (m, 1H), 7.53 — 7.48
(m, 1H), 3.58 (s, 2H), 2.26 (s, 6H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 151.9, 147.5, 135.6, 131.5, 129.1, 129.1, 127.9,
127.6, 126.6, 61.6, 45.3.

IR (Diamond-ATR, neat) 7 (cm™): 2972, 2941, 2907, 2899, 2858, 2817, 2768, 1623,
1570, 1496, 1455, 1441, 1418, 1381, 1356, 1329112829, 1204, 1200, 1167, 1148,
1124, 1096, 1029, 994, 968, 957, 909, 892, 862, 883, 786, 770, 751, 702, 690, 685,
679, 675, 670, 667, 664, 660, 657.

MS (El, 70 eV) m/z (%): 186 (74) [M], 185 (33), 143 (27), 142 (53), 115 (44), 89 (14),
58 (100).

HRMS (El): m/z calc. for [GoH14N2] 186.1157, found186.1145.

2265 Dumouchel, F. Mongin, F. Trécourt, G. Quéguifietrahedror2003 59, 8629.
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Preparation of 1-(6-bromo-4-chloro-2-fluoropyridin-3-yl)-N,N-
dimethylmethanamine (49I)
Cl
f\/CNMeZ
Br™ "N” °F

To a solution of 1-(6-bromo-2-fluoropyridin-3-ylN;N-dimethylmethanamine 493
5.80g, 25.0 mmol, 1.0 equiv) in anhydrous THF (@&) was added dropwise
TMPMgCI-LiCl (1.18Mm in THF, 30.0 mmol, 1.2 equiv) at —20 °C and thact®n
mixture was stirred at this temperature for 1 hatNeenzenesulfonyl chloride (4.64 g,
26.3 mmol, 1.05 equiv) was then slowly added amdntiixture was allowed to warm to
0 °C within 1.5 h. The reaction mixture was quemrthdgth H,O and extracted with
EtOAc (3 x 200 mL). The combined organic layers evarashed with a sat. aq. NaCl
solution, dried over N&O, and concentrateith vacuo Purification of the crude product
by flash chromatography (SjOi-hexane/EtOAc = 5:1) afforded9l as a orange solid
(4.86 g, 73%).

mp: 36.8 — 39.5 °C.

'H-NMR (CDCl 3, 300 MHz)é (ppm): 7.45 (s, 1H), 3.53 (s, 2H), 2.29 (s, 6H).
13C-NMR (CDCl3, 75 MHz) ¢ (ppm): 161.3 (d,J (C — F) = 247.1 Hz), 149.7 (d,(C -

F) = 6.8 Hz), 137.1 (d] (C — F) = 17.0 Hz), 126.5 (d,(C — F) = 5.4 Hz), 118.3 (d,(C
—F)=31.1 Hz), 52.9 (d,(C — F) = 2.8 Hz), 45.3.

IR (Diamond-ATR, neat) U (cm’): 2978, 2943, 2862, 2838, 2824, 2787, 2776, 1576,
1552, 1529, 1456, 1440, 1423, 1405, 1372, 13648,18297, 1252, 1225, 1203, 1192,
1166, 1146, 1105, 1092, 1038, 1017, 986, 902, 345, 762, 736, 719, 692, 688, 676,
668, 660, 656.

MS (El, 70 eV) m/z (%): 266 (17) [M], 265 (14), 224 (35), 222 (26), 58 (100).

HRMS (El): m/z calc. for [GH¢BrCIFN,] 265.9622, found: 265.9609.

3.4PREPARATION OFCHLOROMETHYLHETEROARENES

Preparation  of  2-chloro-5-(chloromethyl)-1-(methoxynethyl)-1H-pyrrolo[2,3-

blpyridine (48f)
C|/\Eﬁ\/\>7CI
>N

N \
MOM
Prepared according tolfP2 from 1-(2-chloro-1-(methoxymethyl)H-pyrrolo[2,3-
b]pyridin-5-yl)-N,N-dimethylmethanaminet@h; 254 mg, 1.0 mmol, 1.0 equiv) and ethyl
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chloroformate (130 mg, 1.2 mmol, 1.2 equiv). Padfion of the crude product by flash
chromatography (Si§i-hexane/BEIO = 85:15) afforded8f as a colorless solid (145 mg,
59%).

mp: 106 — 108 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.31 (d,J = 1.7 Hz, 1H), 7.83 (dJ = 1.7 Hz,
1H), 6.46 (s, 1H), 5.68 (s, 2H), 4.69 (s, 2H), 3(843H).

3C-NMR (CDCl3, 75 MHz) 6 (ppm): 147.5, 143.7, 128.2, 128.0, 127.0, 119.7, 99.9,
72.2,56.7, 44.3.

IR (Diamond-ATR, neat) U (cm™): 2934, 1571, 1514, 1474, 1395, 1377, 1307, 1280,
1258, 1170, 1108, 1080, 1028, 910, 722, 689.

MS (El, 70 eV) m/z (%): 244 (11) [M], 214 (10), 179 (27), 45 (63), 43 (100).

HRMS (El): m/z calc. for [GoH10CI2N2O] 244.0170, found244.0167.

Preparation of 2-chloro-3-(chloromethyl)-1-((trifluoromethyl)sulfonyl)-1H-
pyrrolo[2,3-b]pyridine (48Q)

cl
X
| N—cl
N” N
SO,CF,4

Prepared according toTP2 from 1-(2-chloro-1-((trifluoromethyl)sulfonyl)-H-
pyrrolo[2,3b]pyridin-3-yl)-N,N-dimethylmethanamine (49i; 25.99g, 75.9 mmol,
1.0 equiv) and ethyl chloroformate (12.4 g, 113 mmMadbs equiv). Purification of the
crude product by flash chromatography (§ichexane/EtOAc = 10:1) affordetBgas a
colorless solid (18.6 g, 73%).

mp: 124.0 - 125.8 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.53 (ddJ = 4.8, 1.5 Hz, 1H), 8.02 (dd,= 7.9,

1.6 Hz, 1H), 7.39 (dd] = 7.9, 4.8 Hz, 1H), 4.74 (s, 2H).

13C-NMR (CDCl3, 75 MHz) 6 (ppm): 148.6, 146.4, 128.1, 125.3, 121.4, 120.3, 119.2
(q,J (C—-F)=323.6 Hz), 117.2, 34.6.

IR (Diamond-ATR, neat) U (cm™): 1597, 1562, 1477, 1439, 1425, 1409, 1395, 1368,
1283, 1277, 1259, 1249, 1212, 1173, 1164, 1149],11204, 1087, 1047, 1030, 1016,
999, 977, 928, 906, 889, 880, 871, 862, 844, 823, 818, 790, 766, 734, 714, 690, 685,
680, 674, 661.

MS (El, 70 eV) m/z (%): 332 (34) [M], 299 (31), 297 (85), 233 (76), 164 (36), 138
(60), 103 (42), 102 (100), 76 (41).
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HRMS (El): m/z calc. for [GHsClFsN»0,%2S] 331.9401, found331.9400.

Preparation of 3-(chloromethyl)quinoline (48h)

N Cl

=

N
Prepared according t@P2 from N,N-dimethyl-1-(quinolin-3-yl)methanamine49k;
25.8 mmol, 1.0 equiv) and ethyl chloroformate (4.31 38.8 mmol, 1.5 equiv).
Purification of the crude product by flash chrongatmphy (SiQ, i-hexane/EtOAc = 6:1)
afforded48h as a yellowish solid (2.74 g, 60%).
mp: 100.8 — 102.6 °C.
'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.92 (d,J = 2.2 Hz, 1H), 8.14 — 8.09 (m, 2H),
7.80 (d,J=8.1 Hz, 1H), 7.75 - 7.69 (m, 1H), 7.58 — 7.53 {id), 4.76 (s, 2H).
3C-NMR (CDCls3, 75 MHz) é (ppm): 150.7, 147.7, 135.4, 130.3, 130.0, 129.3, 127.8,
127.5,127.2, 43.4.
IR (Diamond-ATR, neat) U (cm™): 3060, 2959, 2922, 1618, 1605, 1571, 1526, 1495,
1464, 1437, 1419, 1378, 1373, 1356, 1340, 12801,12759, 1232, 1207, 1178, 1154,
1124, 1015, 984, 959, 950, 932, 910, 876, 870, 886, 768, 752, 722, 698, 667.
MS (El, 70 eV) m/z (%): 177 (29) [M], 142 (100), 115 (24).
HRMS (El): m/z calc. for [GoHsCIN] 177.0345, foundi177.0330.

Preparation of 6-bromo-4-chloro-3-(chloromethyl)-2fluoropyridine (48i)

Cl
=
Br N F

Prepared according tolfP2 from 1-(6-bromo-4-chloro-2-fluoropyridin-3-yIy,N-
dimethylmethanamine4l; 4.82 g, 18.0 mmol, 1.0 equiv) and ethyl chloraofate
(2.93 g, 27.0 mmol, 1.5 equiv) at 70 °C for 2 hrifteation of the crude product by flash
chromatography (Si§) i-hexane/BEO = 60:1) afforded48i as a colorless oil (3.11 g,
67%).

'H-NMR (CDCl 3, 300 MHz)é (ppm): 7.49 (s, 1H), 4.65 (s, 2H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 160.2 (d,J (C — F) = 249.3 Hz), 148.7 (d,(C —
F) =5.6 Hz), 138.8 (d] (C — F) =16.9 Hz), 126.7 (d,(C — F) = 5.6 Hz), 117.8 (d,(C

— F) =31.0 Hz), 35.0.

IR (Diamond-ATR, neat) 7 (cm™): 1579, 1550, 1432, 1418, 1375, 1279, 1232, 1195,
1161, 1095, 958, 885, 854, 832, 773, 724, 687.
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MS (El, 70 eV) m/z (%): 259 (16), 257 (7) [M, 226 (24), 224 (100), 222 (67), 143
(13), 108 (12).
HRMS (El): m/z calc. for [GH3BrCIl,FN] 256.8810, found: 256.8808.

Preparation of 2-chloro-3-(chloromethyl)quinoline @8n)

N Cl

=

N~ °CI
Prepared according to the known literature proag@urfrom (2-chloroquinolin-3-
yl)methanol (581 mg, 3.0 mmol, 1.0 equiv) and tlglochloride (464 mg, 3.9 mmol,
1.3 equiv) in anhydrous benzene (10 mL). The reactixture was stirred for 4 h at
90 °C. After cooling to room temperature, the migtwas quenched with a sat. aqg.
NaHCGQ; solution and extracted with EtOAc (3 x 50 mL). T¢mmbined organic layers
were dried over N&O, and concentrateth vacuo Recrystallization frorm-heptane
afforded48n as an off-colorless solid (519 mg, 82%).
mp: 118.7 — 120.0 °C.
'H-NMR (CDCl 5, 300 MHz) é (ppm): 8.26 (s, 1H), 8.01 (dl = 8.5 Hz, 1H), 7.82 (d]
= 8.1 Hz, 1H), 7.74 () = 7.7 Hz, 1H), 7.54 (] = 7.5 Hz, 1H), 4.82 (s, 2H).
13C-NMR (CDCl3, 75 MHz) é (ppm): 149.6, 147.3, 138.7, 131.0, 129.0, 128.3, 127.6,
127.5, 127.1, 43.1.
IR (Diamond-ATR, neat) V' (cmY): 1621, 1589, 1563, 1489, 1456, 1439, 1407, 1401,
1390, 1379, 1333, 1264, 1221, 1188, 1161, 11372,11345, 1017, 987, 955, 934, 923,
886, 863, 801, 779, 757, 733, 721, 658.
MS (El, 70 eV) m/z (%): 211 (22) [M], 178 (38), 176 (100), 140 (52).
HRMS (El): m/z calc. for [GoH;CI;N] 210.9956, found210.9935.

3.5PREPARATION OFHETEROARYLMETHYLZINBEAGENTS
Preparation of ((2-chloro-1-(methoxymethyl)-H-pyrrolo[2,3-b]pyridin-5-
yl)methyl)zinc chloride (539)

. N
LiCI CIZn/\m ol
N” N
MOM
Prepared according t@P3 from 2-chloro-5-(chloromethyl)-1-(methoxymethylH1
pyrrolo[2,3b]pyridine @8f; 980 mg, 4.0 mmol, 1.0 equiv), Zn dust (392 m@, rémol,
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1.5 equiv) and LiCl (254 mg, 6.0 mmol, 1.5 equiReaction time: 2.5 h at 50 °C.

lodometric titration of the filtrated solution irgdited a yield of 60%.

Preparation of (6-bromo-4-chloro-2-fluoropyridin-3-yl)methylzinc chloride (53h)

Cl
r\/fzml-um
~
Br” >N~ F

Prepared according tdP3 from 6-bromo-4-chloro-3-(chloromethyl)-2-fluoropgine
(48i; 2.05 g, 7.9 mmol, 1.0 equiv), Zn dust (776 mg,.9lthmol, 1.5 equiv) and LIiCl
(504 mg, 11.9 mmol, 1.5 equiv). Reaction time: att25 °C. lodometric titration of the

centrifugated solution indicated a yield of 90%.

Preparation of ((2-chloroquinolin-3-yl)methyl)zinc chloride (53i)

Z
N~ “CI

Prepared according t@P3 from 2-chloro-3-(chloromethyl)quinoline48n; 2.12 g,
10.0 mmol, 1.0 equiv), Zn dust (981 mg, 15.0 mnioh equiv) and LiCl (636 mg,
15.0 mmol, 1.5 equiv). Reaction time: 1 h at 25 f&clometric titration of the filtrated

solution indicated a yield of 78%.

3.6REACTIONS OFHETEROARYLMETHYLZINBEAGENTS WITHELECTROPHILES
Preparation of ethyl 4-(2-chloro-1-(methoxymethyl)1H-pyrrolo[2,3-b]pyridin-5-yl)-
2-methylenebutanoate (549)

CO,Et
X
| N—cl
N” N
MOM

Prepared according toTP6 from ((2-chloro-1-(methoxymethyl)H-pyrrolo[2,3-
b]pyridin-5-yl)methyl)zinc chloride §3g 1.0 mmol, 1.0 equiv) and ethyl (2-
bromomethyl)acrylate 5/f; 174 mg, 0.9 mmol, 0.9 equiv). Purification of tbheude
product by flash chromatography (Si®hexane/EtOAc = 10:1 then 7:1) afford&dg

as a colorless oil (286 mg, 98 %).
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'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 8.14 (d,J = 1.8 Hz, 1H), 7.61 (dJ = 1.8 Hz,
1H), 6.40 (s, 1H), 6.15 (d, = 1.0 Hz, 1H), 5.66 (s, 2H), 5.47 (@= 1.0 Hz, 1H), 4.21
(9,J = 7.1 Hz, 2H), 3.34 (s, 3H), 2.87 (m, 2H), 2.63 (1H)21.30 (t,J = 7.1 Hz, 3H).
3C-NMR (CDCl3 75 MHz) é (ppm): 170.0, 146.6, 143.9, 139.7, 130.3, 127.3, 127.1,
125.5,119.8,99.4, 72.1, 60.7, 56.6, 34.5, 3412.1

IR (ATR) v (Cm'l): 2936, 1712, 1631, 1473, 1394, 1276, 1183, 111026,11030, 915,
755.

MS (El, 70 eV) m/z (%): 322 (26) [M], 292 (18), 209 (100), 179 (62), 45 (47).

HRMS (EI): m/z calc. for [GeH19CIN2Os] 322.1084, found: 322.1079.

Preparation of 2-chloro-1-(methoxymethyl)-5-((phenithio)methyl)-1H-pyrrolo[2,3-
blpyridine (54h)
SN
N” N
MOM

Prepared according toTP5 from ((2-chloro-1-(methoxymethyl)H-pyrrolo[2,3-
b]pyridin-5-yl)methyl)zinc chloride %3g 1.0 mmol, 1.0 equiv) andS-phenyl
benzenesulfonothioat®&{g 225 mg, 0.9 mmol, 0.9 equiv) at 50 °C. Purifioatiof the
crude product by flash chromatography (Sichexane/EtOAc = 10:1) affordésth as a
colorless oil (232 mg, 81 %).

'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 8.21 (d,J = 1.7 Hz, 1H), 7.72 (dJ = 1.6 Hz,
1H), 7.33 = 7.16 (m, 5H), 6.41 (s, 1H), 5.67 (s),2H19 (s, 2H), 3.35 (s, 3H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 147.0, 143.8, 135.7, 130.2, 128.9, 127.8, 127.5,
126.8, 126.6, 119.7, 99.6, 72.1, 56.6, 36.8.

IR (Diamond-ATR, neat) 7 (cm™): 2933, 1571, 1513, 1472, 1394, 1377, 1304, 1278,
1111, 1084, 1042, 913, 734.

MS (El, 70 eV) m/z (%): 318 (12) [M], 209 (100), 181 (16), 45 (34).

HRMS (El): m/z calc. for [GeH15CIN2OS] 318.0594, found318.0589.
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Preparation of 4-(2-(2-chloro-1-(methoxymethyl)-H-pyrrolo[2,3-b]pyridin-5-yl)-1-
hydroxyethyl)benzonitrile (54i)
HO

Prepared according toTP5 from ((2-chloro-1-(methoxymethyl)H-pyrrolo[2,3-
blpyridin-5-yl)methyl)zinc chloride %3g 1.0 mmol, 1.0 equiv) and 4-
cyanobenzaldehyde5Th; 118 mg, 0.9 mmol, 0.9 equiv). Purification of tleeude
product by flash chromatography ($iG-hexane/EtOAc = 2:1, 2% triethylamine)
afforded54i as a colorless solid (260 mg, 85%).

mp: 169.6 — 171.2 °C.

'H-NMR (DMSO-d¢, 400 MHz)é (ppm): 8.04 (d,J = 1.7 Hz, 1H), 7.76 — 7.74 (m, 3H),
7.50 (d,J = 8.2 Hz, 2H), 6.64 (s, 1H), 5.61 @z 4.7 Hz, 1H), 5.57 (s, 2H), 4.91 — 4.87
(m, 1H), 3.21 (s, 3H), 3.04 — 2.99 (m, 1H), 2.94,#=13.7, 7.7 Hz, 1H).

3C-NMR (DMSO-dg, 100 MHz) & (ppm): 151.1, 146.1, 144.6, 131.9, 128.7, 127.5,
126.9, 126.0, 119.0, 118.9, 109.5, 99.5, 72.9,,860, 42.1.

IR (Diamond-ATR, neat) 7 (cm™): 3218, 2930, 2223, 1606, 1571, 1475, 1375, 1277,
1112, 1089, 1089, 1052, 908, 758.

MS (El, 70 eV) m/z (%): 341 (9) [M7], 310 (10), 209 (100), 179 (51), 45 (40).

HRMS (EI): m/z calc. for [GgH16CIN3O;] 341.0931, found341.0922.

Preparation of 2-chloro-3-(cyclohex-2-en-1-ylmethytuinoline (54j)

DONS
—
N Cl

Prepared according t@P7 from ((2-chloroquinolin-3-yl)methyl)zinc chloride58i;
1.0 mmol, 1.0 equiv) and 3-bromocyclohex-1-eB&i;(145 mg, 0.9 mmol, 0.9 equiv).
Purification of the crude product by flash chrongméphy (SiQ, i-hexane/EtOAc =
40:1) affordedb4j as a colorless solid (174 mg, 76%).

mp: 72.9 - 74.2 °C.

'H-NMR (CDCl 5, 300 MHz)é (ppm): 7.98 (d,J = 8.5 Hz, 1H), 7.92 (s, 1H), 7.75 @,
= 8.1 Hz, 1H), 7.68 — 7.64 (m, 1H), 7.53 — 7.49 {M), 5.75-5.71 (m, 1H), 5.56 (dd=
10.1, 2.1 Hz, 1H), 2.90 — 2-77 (m, 2H), 2.62 — (&6 1H), 2.00 (dd) = 4.5, 2.2 Hz,
2H), 1.79 — 1.70 (m, 2H), 1.56 — 1.49 (m, 1H), 1-37.30 (m, 1H).
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3C-NMR (CDCl3, 75 MHz) & (ppm): 151.72, 146.42, 138.44, 132.41, 130.23, 129.63,
128.13, 128.05, 127.30, 126.96, 126.90, 39.87,8348.77, 25.26, 21.06.

IR (Diamond-ATR, neat) V (Cm'l): 3011, 2941, 2927, 2911, 2880, 2870, 2828, 1591,
1564, 1485, 1449, 1435, 1429, 1402, 1380, 13370,12052, 1131, 1077, 1050, 1038,
1013, 1005, 973, 970, 961, 948, 924, 918, 897, 889, 760, 753, 746, 725, 718, 705,
699, 683, 670, 664.

MS (El, 70 eV) m/z (%): 257 (4) [M7], 177 (100), 140 (11).

HRMS (El): m/z calc. for [GeH16CIN] 257.0971, found257.0973.

Preparation of ethyl 4-((2-chloroquinolin-3-yl)methyl)benzoate (54k)

O D O
~
N >cl CO,Et

Prepared according t@P4 from ((2-chloroquinolin-3-yl)methyl)zinc chloride58;;

1.0 mmol, 1.0 equiv) and ethyl 4-iodobenzodi&j;( 248 mg, 0.9 mmol, 0.9 equiv) at
50 °C. Catalyst system: Pd-PEPRBI- (34 mg, 5 mol%). Purification of the crude
product by flash chromatography ($iQ-hexane/EtOAc = 10:1) affordef4dk as a
yellow solid (204 mg, 70%).

mp: 110.8 - 112.3 °C.

'H-NMR (CDCl 3, 300 MHz)é (ppm): 8.02 — 7.99 (m, 3H), 7.79 (s, 1H), 7.71 — 7.66 (m
2H), 7.54 — 7.50 (m, 1H), 7.29 (@= 8.2 Hz, 2H), 4.36 (q] = 7.1 Hz, 2H), 4.27 (s, 2H),
1.38 (t,J = 7.1 Hz, 3H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 166.4, 151.3, 146.6, 143.3, 138.3, 132.2, 130.1,
130.0, 129.1, 129.1, 128.2, 127.3, 127.1, 127.8,69.1, 14.3.

IR (Diamond-ATR, neat) 7 (cm™): 1705, 1591, 1563, 1489, 1395, 1373, 1336, 1328,
1308, 1302, 1276, 1249, 1202, 1175, 1165, 11405,11824, 1107, 1099, 1026, 1017,
1014, 994, 960, 946, 937, 865, 856, 806, 775, 788, 734, 728, 698, 679, 675, 657,
654.

MS (El, 70 eV) m/z (%): 325 (76) [M], 280 (84), 252 (19), 217 (61), 216 (100).

HRMS (EI): m/z calc. for [GoH16CINO,] 325.0870, found325.0860.

Preparation of 2-chloro-3-(4-methylbenzyl)quinoline(54l)

O P O
=
N™ Cl Me

Prepared according t@P4 from ((2-chloroquinolin-3-yl)methyl)zinc chloride58i;
1.0 mmol, 1.0 equiv) and 1-iodo-4-methylbenzesigk( 169 mg, 0.9 mmol, 0.9 equiv) at
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50 °C. Catalyst system: Pd-PEPRBI-(34 mg, 5 mol%). Purification of the crude
product by flash chromatography ($jQ-hexane/EtOAc = 100:1) affordeb¥l as a
yellowish solid (116 mg, 48%).

mp: 91.6 — 93.5 °C.

'H-NMR (CDCl 3, 400 MHz) é (ppm): 8.00 (d,J = 8.4 Hz, 1H), 7.78 (s, 1H), 7.70 —
7.64 (m, 2H), 7.51 — 7.47 (m, 1H), 7.16 — 7.11 4d), 4.18 (s, 2H), 2.35 (s, 3H).
3C-NMR (CDCl3, 100 MHz)é (ppm): 151.5, 146.5, 138.0, 136.3, 134.9, 133.3, 129.8,
129.4, 129.0, 128.1, 127.4,127.1, 126.9, 38.1.21.

IR (Diamond-ATR, neat) U (cm™): 1618, 1589, 1563, 1514, 1487, 1452, 1419, 1401,
1378, 1332, 1323, 1311, 1303, 1213, 1203, 11833,11¥35, 1115, 1103, 1028, 1014,
984, 968, 957, 946, 938, 886, 858, 848, 825, 8a4, 877, 769, 757, 739, 728, 713, 709,
699, 685, 680, 675, 667, 660, 657, 654.

MS (El, 70 eV) m/z (%): 269 (32), 267 (84) [M, 232 (53), 231 (100), 230 (50), 217
(37), 216 (71).

HRMS (El): m/z calc. for [G;H14CIN] 267.0815, found267.0818.

Preparation of 2-chloro-3-((2,6-dimethoxypyrimidin-4-yl)methyl)quinoline (54m)

N Z | OMe
N< _N
N Y
OMe

Prepared according t@P4 from ((2-chloroquinolin-3-yl)methyl)zinc chloride58i;

1.0 mmol, 1.0 equiv) and 4-iodo-2,6-dimethoxypydme 671, 239 mg, 0.9 mmol,
0.9 equiv) at 50 °C. Catalyst system: Pd-PERPS(34 mg, 5 mol%). Purification of the
crude product by flash chromatography (Sichexane/EtOAc = 10:1) affordésm as

a yellowish solid (154 mg, 49%).

mp: 128.8 — 130.6 °C.

'H-NMR (CDCl 3, 400 MHz) é (ppm): 8.06 (s, 1H), 7.99 (dl = 8.5 Hz, 1H), 7.76 (dJ
=8.1Hz, 1H) 7.71 - 7.67 (m, 1H), 7.55 — 7.51 tH), 6.21 (s, 1H), 4.20 (s, 2H), 3.93
(s, 3H), 3.93 (s, 3H).

13C-NMR (CDCl3, 100 MHz)é (ppm): 172.2, 168.7, 165.4, 151.3, 146.8, 139.2, 130.2,
129.8, 128.2, 127.4, 127.2, 127.1, 100.5, 54.8,58.8.

IR (Diamond-ATR, neat) U (cm™): 1595, 1579, 1566, 1489, 1477, 1467, 1454, 1444,
1403, 1385, 1375, 1353, 1337, 1316, 1297, 12619,12079, 1154, 1138, 1130, 1098,
1039, 1029, 1016, 981, 950, 939, 924, 890, 859, BIB, 774, 751, 717, 705, 680, 667.
MS (El, 70 eV) m/z (%): 315 (1) [M], 281 (19), 280 (100), 208 (10).
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HRMS (El): m/z calc. for [GeH14CIN3O,] 315.0775, found315.0765.

Preparation of 2-chloro-3-(((3,4-dichlorophenyl)thp)methyl)quinoline (54n)

Cl

e
=

N~ “Cl

Prepared according t@P5 from ((2-chloroquinolin-3-yl)methyl)zinc chloride58i;

1.0 mmol, 1.0 equiv) andS(3,4-dichlorophenyl) benzenesulfonothiddfe (57m:;

287 mg, 0.9 mmol, 0.9 equiv) at 50 °C. Purificatioh the crude product by flash
chromatography (Si§) i-hexane/EtOAc = 40:1) afforde84n as a colorless solid
(206 mg, 65%).

mp: 115.0 - 117.1 °C.

'H-NMR (CDCl 3, 400 MHz) é (ppm): 8.00 (d,J = 8.8 Hz, 1H), 7.95 (s, 1H), 7.73 —
7.69 (m, 2H), 7.56 — 7.52 (m, 1H), 7.41 (= 2.1 Hz, 1H), 7.30 (d) = 8.4 Hz, 1H),
7.10 (ddJ = 8.4, 2.2 Hz, 1H), 4.31 (s, 2H).

13C-NMR (CDCl3, 100 MHz)é (ppm): 150.4, 146.9, 138.1, 135.2, 133.0, 132.1, 131.4,
130.7, 130.6, 129.8, 128.6, 128.2, 127.4, 127.3,0036.9.

IR (Diamond-ATR, neat) V' (cmY): 1564, 1490, 1458, 1432, 1396, 1366, 1335, 1160,
1134, 1093, 1064, 1039, 1029, 961, 926, 912, 889, 815, 807, 780, 761, 727, 716,
692, 676.

MS (El, 70 eV) m/z (%): 353 (8) [M7], 176 (100), 107 (28), 95 (27), 93 (32), 81 (33).
HRMS (EI): m/z calc. for [GeH10CIsNS] 352.9600, found: 352.9586.

Preparation of 2-(2-chloroquinolin-3-yl)-1-phenyletanone (540)

Prepared according t@P6 from ((2-chloroquinolin-3-yl)methyl)zinc chloride58i;
5.0 mmol, 1.0 equiv) and benzoyl chloridé7§; 562 mg, 4.0 mmol, 0.8 equiv).
Purification of the crude product by flash chrongaphy (SiQ, i-hexane/EtOAc = 10:1,
2% triethylamine) affordeB840as a colorless solid (747 mg, 66%).

mp.: 132.8 — 134.3 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.09 — 7.93 (m, 4H), 7.77 (d,= 8.1 Hz, 1H),
7.73 - 7.68 (m, 1H), 7.62 @,= 7.3 Hz, 1H), 7.52 (q] = 7.3 Hz, 3H), 4.57 (s, 2H).
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3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 195.6, 151.2, 147.0, 139.7, 136.3, 133.6, 130.2,
128.8,128.3, 128.3, 127.4, 127.3, 127.2, 127.8.42

IR (Diamond-ATR, neat) 7 (cm): 2923, 1686, 1592, 1563, 1489, 1448, 1411, 1398,
1334, 1303, 1213, 1189, 1170, 1138, 1130, 1036, 958 929, 916, 891, 782, 758, 735,
691.

MS (El, 70 eV) m/z (%): 281 (9) [M], 140 (13), 105 (100), 77 (27).

HRMS (EI): m/z calc. for [G/H12CINO] 281.0607, found281.0597.

Preparation of 2-(2-chloroquinolin-3-yl)-1-cyclobutylethanone (54p)

seos
N ol ©

Prepared according t@P6 from ((2-chloroquinolin-3-yl)methyl)zinc chloride538;;

1.0 mmol, 1.0 equiv) and cyclobutanecarbonyl clderi67og 107 mg, 0.9 mmol,
0.9 equiv). Purification of the crude product byasth chromatography (SiQi-
hexane/EtOAc = 10:1, 2% triethylamine) affordedp as a yellowish solid (157 mg,
67%).

mp: 90.1 - 91.6 °C.

'H-NMR (CDCl 3, 400 MHz) é (ppm): 7.99 — 7.97 (m, 2H), 7.75 (d,= 8.2 Hz, 1H),
7.70 — 7.66 (m, 1H), 7.54 — 7.50 (m, 1H), 3.922(4), 3.47 — 3.38 (m, 1H), 2.38 — 2.28
(m, 2H), 2.21 — 2.12 (m, 2H), 2.03 - 1.91 (m, 1HB88 — 1.79 (m, 1H).

13C-NMR (CDCl3, 100 MHz)é (ppm): 206.8, 151.0, 146.9, 139.7, 130.2, 128.2, 127.3,
127.1,127.1,127.1, 45.5, 44.4, 24.4, 17.7.

IR (Diamond-ATR, neat) U (cm™): 2984, 2971, 2938, 2927, 2918, 2914, 2863, 1714,
1591, 1564, 1487, 1408, 1397, 1379, 1354, 13368,18295, 1241, 1185, 1172, 1132,
1121, 1079, 1038, 1015, 991, 967, 925, 920, 883, 860, 818, 794, 780, 764, 749, 737,
716, 700, 667.

MS (El, 70 eV) m/z (%): 259 (2) [M7], 179 (33), 177 (100), 140 (27), 83 (27).

HRMS (El): m/z calc. for [GsH14CINO] 259.0764, found: 259.0754.
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Preparation of 2-(2-chloroquinolin-3-yl)-1-(furan-2-yl)ethanone (54q)

O
~

Prepared according t@P6 from ((2-chloroquinolin-3-yl)methyl)zinc chloride58;;

2.0 mmol, 1.0 equiv) and furan-2-carbonyl chlorid&7p; 222 mg, 1.7 mmol,
0.85 equiv). Purification of the crude product biash chromatography (SiQi-
hexane/EtOAc = 6:1, 2% triethylamine) affordetty as a yellow solid (285 mg, 62%).

mp: 117.5 - 119.9 °C.

'H-NMR (CDCl 5, 300 MHz) é (ppm): 8.08 (s, 1H), 8.00 (dl = 8.4 Hz, 1H), 7.78 (d]

= 8.1 Hz, 1H), 7.73 — 7.68 (m, 1H), 7.64 (s, 1HR47(7,J = 7.5 Hz, 3H), 7.33 (d] =

3.5 Hz, 1H), 6.59 (dd] = 3.4, 1.5 Hz, 1H), 4.44 (s, 2H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 184.6, 152.2, 151.1, 146.9, 146.9, 139.9, 130.3,
128.2, 127.3, 127.2, 126.6, 118.0, 112.6, 42.5.e(Gmnal not observed; possible
coincidental isochronicity.)

IR (Diamond-ATR, neat) U (cm™): 1673, 1616, 1593, 1562, 1490, 1463, 1409, 1394,
1338, 1258, 1238, 1217, 1190, 1179, 1175, 1159311539, 1133, 1078, 1035, 1013,
996, 971, 964, 937, 920, 908, 898, 890, 881, 883, 856, 819, 791, 779, 768, 761, 728,
717, 693, 685, 680, 677, 667, 663, 659, 656.

MS (El, 70 eV) m/z (%): 271 (2) [M7], 236 (83), 176 (17), 140 (45), 95 (100).

HRMS (El): m/z calc. for [GsH10CINO,] 271.0400, found271.0399.

Preparation of (3E,5E)-1-(2-chloroquinolin-3-yl)hepta-3,5-dien-2-one (54

Crr
N

Prepared according t@P6 from ((2-chloroquinolin-3-yl)methyl)zinc chloride58i;

2.0 mmol, 1.0 equiv) and E4E)-hexa-2,4-dienoyl chloride57q, 222 mg, 1.7 mmol,
0.85 equiv). Purification of the crude product bash chromatography (SO i-
hexane/EtOAc = 10:1, 2% triethylamine) affordett as a yellow solid (256 mg, 55%).
mp: 107.3 - 109.1 °C.

'H-NMR (CDCl3, 300 MHz) ¢ (ppm): 7.99 (d,J = 8.6 Hz, 2H), 7.75 (dd) = 8.2,

1.0 Hz, 1H), 7.71 — 7.65 (m, 1H), 7.54 — 7.49 (#),17.33 — 7.24 (m, 1H), 6.24 — 6.16
(m, 3H), 4.11 (s, 2H), 1.86 (d,= 5.3 Hz, 3H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 195.7, 151.2, 146.8, 144.4, 141.8, 139.6, 130.2,
130.1, 128.2, 127.4, 127.3, 127.2, 127.1, 126.48,48.9.
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IR (Diamond-ATR, neat) V' (cmY): 1681, 1633, 1623, 1616, 1592, 1569, 1563, 1489,
1404, 1394, 1372, 1338, 1293, 1273, 1260, 12282,12203, 1200, 1185, 1162, 1140,
1126, 1099, 1071, 1037, 1013, 995, 967, 961, 988, 922, 888, 858, 841, 835, 832,
825, 818, 809, 783, 767, 758, 749, 720, 711, 698, 680, 674, 667, 663.

MS (El, 70 eV) m/z (%): 271 (4) [M7], 176 (21), 140 (36), 96 (21), 95 (88), 67 (100).
HRMS (EI): m/z calc. for [GeH14CINO] 271.0764, found271.0752.

3.7PREPARATION OMHIGHLY FUNCTIONALIZEDANNULATEDHETEROCYCLES
Preparation of 6-bromo-4-chloro-2-(thiophen-2-yl)-23-dihydrofuro[2,3-b]pyridine
(59b)

cl
B >
N\
Br~ N7 O

Prepared according t@P5 from (6-bromo-4-chloro-2-fluoropyridin-3-yl)methyix
chloride 63h; 1.0 mmol, 1.0 equiv) and 2-thiophenecarboxaldehys7r; 90 mg,

0.8 mmol, 0.8 equiv) at 50 °C for 2 h. Purificatiaf the crude product by flash
chromatography (Si§) i-hexane/BEO = 4:1) afforded59b as a yellow solid (174 mg,
69%).

mp: 78.3—81.4 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 7.33 (dd,J = 5.0, 0.7 Hz, 1H), 7.12 (d =

3.4 Hz, 1H), 7.07 (s, 1H), 7.00 (ddi= 4.9, 3.7 Hz, 1H), 6.11 (dd,= 9.3, 7.4 Hz, 1H),
3.67 (ddJ = 16.8, 9.4 Hz, 1H), 3.36 (dd~= 16.8, 7.3 Hz, 1H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 167.1, 142.3, 141.9, 139.2, 127.0, 126.4, 125.8,
120.6, 117.4, 79.0, 35.8.

IR (Diamond-ATR, neat) 7 (cm™): 1588, 1564, 1409, 1377, 1316, 1303, 1247, 1243,
1099, 956, 945, 887, 847, 837, 821, 736, 717, 701, 656.

MS (El, 70 eV) m/z (%): 317 (100), 315 (74) [M, 236 (37), 173 (35), 172 (47).

HRMS (EIl): m/z calc. for [G;H;BrCINOS] 314.9120, found314.9104.

Preparation of 6-bromo-4-chloro-2-(thiophen-2-ylhfuo[2,3-b]pyridine (58b)

Cl
S
Br~ >N O

To a solution of 6-bromo-4-chloro-2-(thiophen-2-218-dihydrofuro[2,3s]pyridine
(59b, 678 mg, 2.1 mmol, 1.0 equiv) in anhydrous 1,4¢die (4 mL) was added 2,3-
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dichloro-5,6-dicyano-1,4-benzoquinone (DDQ; 1.466g4 mmol, 3.0 equiv) and the
reaction mixture was stirred under reflux for 3Tine reaction mixture was quenched
with a sat. ag. NaHC{solution and extracted with EtOAc (3 x 100 mL).eTéombined
organic layers were washed with sat. aq. NaCl aiedl dbver NaSO,. Purification of the
crude product by flash chromatography (§iGhexane/BEO = 20:1) affordeb8b as a
yellowish solid (470 mg, 70%).

mp: 131.1 — 133.8 °C.

'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 7.56 (d,J = 3.6, 1H), 7.44 — 7.41 (m, 2H), 7.12
(dd,J = 4.8, 3.9 Hz, 1H), 6.85 (s, 1H).

13C-NMR (CDCls3, 75 MHz) é (ppm): 160.1, 151.9, 137.0, 134.5, 131.2, 128.3, 127.9,
126.6, 123.4, 120.4, 97.8.

IR (Diamond-ATR, neat) U (cm™): 1595, 1576, 1563, 1495, 1428, 1414, 1356, 1331,
1320, 1290, 1268, 1203, 1097, 1087, 1048, 990, 963, 861, 846, 838, 786, 750, 725,
718, 702, 666, 654.

MS (El, 70 eV) m/z (%): 315 (100), 314 (16), 313 (70) [} 205 (20), 170 (11).

HRMS (EIl): m/z calc. for [G:HsBrCINOS] 312.8964, found312.8955.

Preparation of 2-phenylfuro[2,3-b]quinoline (60a)

L0
N/ 0]

Prepared analogously to the known literature proadd from 2-(2-chloroquinolin-3-
y)-1-phenylethanone 54g 141 mg, 0.5 mmol, 1.0 equiv), tripotassium phadph
(212 mg, 1.0 mmol, 2.0 equiv) and,N’-dimethylethylenediamine (DMEDA, 13 mg,
30 mol%) in anhydrous DMF (2 mL). The reaction rabet was stirred for 4 h at 105 °C.
After cooling to room temperature, the mixture vepgenched with KD and extracted
with EtOAc (3 x 20 mL). The combined organic layevere dried over N&O, and
concentratedn vacuo Purification of the crude product by flash chreoggaphy (SiGQ,
i-hexane/EtOAc = 10:1) affordégDab as an off-white solid (75 mg, 62%).

mp: 194.0 — 196.0 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.26 (s, 1H), 8.11 (dJ = 8.5 Hz, 1H), 7.96 —
7.93 (m, 2H), 7.89 (d] = 8.1 Hz, 1H), 7.71 — 7.65 (m, 1H), 7.51 — 7.38 4i), 7.07 (s,
1H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 161.6, 157.7, 144.7, 129.7, 129.3, 128.9, 128.7,
128.4, 128.2, 127.7, 126.7, 125.4, 124.8, 122.5.99
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IR (Diamond-ATR, neat) 7 (cmY): 3053, 2921, 2852, 1616, 1605, 1585, 1564, 1487,
1467, 1445, 1389, 1350, 1333, 1327, 1280, 12643,12482, 1161, 1147, 1138, 1107,
1099, 1072, 1035, 1019, 1015, 980, 952, 935, 98, 898, 864, 850, 806, 781, 758,
750, 730, 686, 677, 654.

MS (El, 70 eV) m/z (%): 245 (100) [M], 217 (16), 216 (20).

HRMS (EI): m/z calc. for [G/H11NO] 245.0841, found: 245.0833.

Preparation of 2-cyclobutylfuro[2,3-b]quinoline (60b)

CD-=
N O

Prepared analogously to the known literature proadd from 2-(2-chloroquinolin-3-
yh)-1-cyclobutylethanone5@dp; 130 mg, 0.5 mmol, 1.0 equiv), tripotassium phadph
(212 mg, 1.0 mmol, 2.0 equiv) and DMEDA (13 mg, 361%) in anhydrous DMF

(2 mL). The reaction mixture was stirred for 4 h1&5 °C. After cooling to room
temperature, the mixture was quenched wit lnd extracted with EtOAc (3 x 20 mL).
The combined organic layers were dried over,9@ and concentrateih vacuo
Purification of the crude product by flash chrongaéphy (SiQ, i-hexane/EtOAc =
10:1) affordeds0b as a yellowish solid (73 mg, 65%).

mp: 92.7 — 94.2 °C.

'H-NMR (CDCl 3, 300 MHz)é (ppm): 8.17 (s, 1H), 8.07 (dl = 8.5 Hz, 1H), 7.88 (dJ

= 8.2 Hz, 1H), 7.68 — 7.63 (m, 1H), 7.47Jt 7.5 Hz, 1H), 6.46 (s, 1H), 3.75 — 3.63 (m,
1H), 2.47 — 2.38 (m, 4H), 2.16 — 1.95 (m, 2H).

13C-NMR (CDCls3, 75 MHz) 6 (ppm): 164.6, 161.8, 144.2, 128.4, 128.2, 127.6, 127.4,
126.5, 124.5, 122.0, 99.4, 34.0, 27.3, 18.7.

IR (Diamond-ATR, neat) U (cm™): 2985, 2977, 2956, 2938, 2927, 2857, 1612, 1593,
1588, 1505, 1466, 1443, 1391, 1357, 1351, 13284,12230, 1218, 1192, 1182, 1152,
1137, 1102, 1046, 1027, 1018, 1001, 974, 947, 9a8, 886, 868, 855, 800, 781, 773,
749, 732,711, 692, 682, 679, 675, 671, 667, 666, 6

MS (El, 70 eV) m/z (%): 223 (14) [M], 196 (15), 195 (100), 167 (13).

HRMS (El): m/z calc. for [GsH13NO] 223.0997, found: 223.0996.
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Preparation of 2-(furan-2-yl)furo[2,3-b]quinoline (60c)
N\ S |

N~ O

Prepared analogously to the known literature proedd from 2-(2-chloroquinolin-3-

yh)-1-(furan-2-yl)ethanone54q; 136 mg, 0.5 mmol, 1.0 equiv), tripotassium phadph

(212 mg, 1.0 mmol, 2.0 equiv) and DMEDA (13 mg,06I%) in anhydrous DMF

(2 mL). The reaction mixture was stirred for 3 h1&5 °C. After cooling to room

temperature, the mixture was quenched wit lnd extracted with EtOAc (3 x 20 mL).

The combined organic layers were dried over,9@ and concentratedh vacuo

Purification of the crude product by flash chrongaéphy (SiQ, i-hexane/EtOAc =

10:1) affordedb0c as an off-white solid (64 mg, 54%).

mp: 157.6 — 159.7 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.25 (s, 1H), 8.08 (dl = 8.5 Hz, 1H), 7.88 (d]

= 8.1 Hz, 1H), 7.69 — 7.64 (m, 1H), 7.55 (&= 1.1 Hz, 1H), 7.51 — 7.46 (m, 1H), 6.99

(d,J=3.4 Hz, 1H), 6.94 (s, 1H), 6.56 (dbs 3.4, 1.8 Hz, 1H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 161.3, 149.5, 145.3, 144.7, 144.3, 128.7, 128.4,

128.2,127.7,126.8, 124.9, 121.6, 112.1, 110.3.98

IR (Diamond-ATR, neat) 7 (cm™): 3126, 3106, 2922, 1637, 1616, 1585, 1532, 1504,

1475, 1454, 1389, 1350, 1326, 1247, 1236, 12270,12184, 1163, 1155, 1145, 1107,

1071, 1058, 1010, 986, 952, 938, 907, 902, 891, 883, 855, 838, 807, 778, 769, 753,

745, 732, 681, 667, 662.

MS (El, 70 eV) m/z (%): 236 (17), 235 (100) [M],179 (17), 178 (22).

HRMS (EI): m/z calc. for [GsHgNO,] 235.0633, found: 235.0627.

3.8 APPLICATION TO THESYNTHESIS OF BIOLOGICALLYACTIVE COMPOUND

Preparation of adamantan-1-zinc chloride (64)

@\ZnCI-MgBrCI-LiCI

Prepared according to the known literature proaetfirA dry and argon flushed
Schlenkflask equipped with a magnetic stirring bar argeptum was charged with LiCl
(233 mg, 5.5 mmol, 1.1 equiv) and heated with & lgea under high vacuum (5 min).
After cooling to room temperature, magnesium tuyeif241 mg, 10.0 mmol, 2.0 equiv)
were added, followed by anhydrous THF (5 mL). Thaegnesium was activated using
1,2-dibromoethane (47 mg, 0.25 mmol, 5 mol%) andSTM (16 mg, 0.15 mmol,
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3 mol%). Then, a ZnGisolution (5.5 mL, 1.W in THF, 1.1 equiv) was added followed
by 1-bromoadamantane (1.08 g, 5.0 mmol, 1.0 eq@ig.reaction mixture was stirred at
25 °C for 2 h. lodometric titration of the centgfited solution indicated a yield of
85%.%°

Preparation of 6-((3,5r,7r)-adamantan-1-yl)-4-chloro-2-(thiophen-2-yl)furo[23-
b]pyridine (65)

cl
X S
DS
N~ O

To a solution of the adamantly zinc reagéd#t, .0 mmol, 1.0 equiv) in anhydrous THF
(2 mL), were added Pd(OAcf9 mg, 0.04 mmol, 2 mol%), SPhos (33 mg, 0.08 mmol
4 mol%) and 6-bromo-4-chloro-2-(thiophen-2-yhfiled@-blpyridine (G8b; 564 mg,

1.8 mmol, 0.9 equiv), and the resulting mixture wased for 1 h at 60 °C. The reaction
mixture was quenched with a sat. aq./8Hand extracted with EtOAc (3 x 50 mL). The
combined organic layers were washed with a satNag.l solution, dried over N8O,

and concentratedh vacou Purification of the crude product by flash chrongasphy
(SiO,, i-hexane/BO = 60:1) afforded5 as a yellowish solid (444 mg, 67%).

mp: 176.9 — 179.6 °C.

'H-NMR (CDCl 5, 300 MHz)é (ppm): 7.58 (dd,J = 3.6, 0.8 Hz, 1H), 738 (dd,= 5.0,

0.9 Hz, 1H), 7.21 (s, 1H), 7.10 (ddi= 4.9, 3.8 Hz, 1H), 6.86 (s, 1H), 2.13 — 1.79 (m,
15H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 165.5, 161.4, 150.9, 136.0, 132.2, 128.1, 126.9,
125.9,118.5, 115.7, 98.0, 42.1, 39.3, 36.7, 28.7.

IR (Diamond-ATR, neat) 7 (cm™): 2903, 2847, 1574, 1451, 1421, 1348, 1316, 1303,
1254, 1232, 1221, 1206, 1164, 1140, 1105, 1078),10844, 1002, 986, 978, 963, 907,
878, 856, 849, 838, 831, 817, 790, 777, 760, 733, 699, 687, 670, 654

MS (El, 70 eV) m/z (%): 369 (100) [M], 312 (16).

HRMS (El): m/z calc. for [GiH20CINOS] 369.0954, found369.0952.
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Preparation of 6-((3,5r,7r)-adamantan-1-yl)-4-((4-methoxybenzyl)oxy)-2-(thiopen-
2-yl)furo[2,3-b]pyridine (66)

OMe

(0]

AN S
DS
N~ O

To a solution of NaH (52 mg, 60w% suspension iraffar oil, 1.0 mmol, 1.3 equiv) in
anhydrous DMF (2 mL) was added (4-methoxyphenyljaes! (166 mg, 1.2 mmol,
1.2 equiv) at 0 °C and the reaction mixture wasestifor 10 mirt°’ Then, 6-((8,5r,7r)-
adamantan-1-yl)-4-chloro-2-(thiophen-2-yl)furo[hRpyridine (65, 367 mg, 1.0 mmol,
1.0 equiv) was added slowly at 0 °C and the reaatias heated under reflux for 2 h. The
reaction mixture was quenched with a sat. ag,@lolution and extracted with EtOAc
(3 x50 mL). The combined organic layers were wdslwéh a sat. ag. NaCl solution,
dried over NgSO, and concentrateih vacou Purification of the crude product by flash
chromatography (Si§) i-hexane/BEO = 10:1) affordedb6 as a yellow solid (296 mg,
63%).

mp: 198.7 — 200.2 °C.

'H-NMR (CDCl 3, 400 MHz) é (ppm): 7.50 — 7.49 (m, 1H), 7.40 (d,= 8.6 Hz, 2H),
7.29 (dd,J = 5.0, 0.8 Hz, 1H), 7.06 (dd,= 4.9, 3.7 Hz, 1H), 6.95 (d,= 8.6 Hz, 2H),
6.87 (s, 1 H), 6.78 (s, 1H), 5.20 (s, 2H), 3.83B), 2.12 — 1.79 (m, 15H).

3C-NMR (CDCl3, 100 MHz) ¢ (ppm): 166.6, 162.9, 159.8, 159.7, 148.5, 133.0, 129.6,
127.9, 127.9, 125.7, 124.8, 114.1, 108.5, 98.8,,90.3, 55.3, 42.2, 39.4, 36.8, 28.8.

IR (Diamond-ATR, neat) 7 (cm™): 2902, 2846, 1608, 1597, 1517, 1454, 1348, 1339,
1305, 1263, 1193, 1182, 1174, 1094, 1080, 10531,10431, 1000, 980, 961, 937, 856,
830, 812, 790, 772, 760, 744, 704, 692, 661

MS (El, 70 eV) m/z (%): 471 (14) [M], 351 (12), 121 (100).

HRMS (El): m/z calc. for [GH290NO3S] 471.1868, foundd71.1874.
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Preparation of 6-((3,5r,7r)-adamantan-1-yl)-2-(thiophen-2-yl)furo[2,3b]pyridin-4-
ol (67)

OH
N S
DS
N~ O

To a solution of 6-((B5r,7r)-adamantan-1-yl)-4-((4-methoxybenzyl)oxy)-2-(thiemn-2-
yhfuro[2,3-b]pyridine 66, 472 mg, 1.0 mmol, 1.0 equiv) in GEl, (15 mL) was added
trifluoroacetic acid1.5 mL) and the reaction mixture was stirred amndemperature for
1.5 h?®® Evaporation of the solvents vacuoand purification of the crude product by
flash chromatography (SiQi-hexane/BEfO = 4:1) afforded67 as a colorless solid
(296 mg, 63%).

mp: 214.9 — 216.6 °C.

'H-NMR (DMSO-d, 400 MHz)é (ppm): 11.08 (s, 1H), 7.62 (dd,= 18.9, 4.0 Hz, 2H),
7.19 —7.13 (m, 2H), 6.66 (s, 1H), 2.05 — 1.73 16Hl).

3C-NMR (DMSO-d¢, 100 MHz) é (ppm): 165.6, 162.7, 158.8, 147.0, 132.1, 128.4,
126.8, 124.8, 107.1, 101.7, 97.8, 41.6, 38.5, 3B3..

IR (Diamond-ATR, neat) 7 (cm™): 2903, 2848, 1607, 1588, 1468, 1449, 1431, 1418,
1388, 1349, 1312, 1272, 1248, 1236, 1146, 10909,10045, 996, 940, 847, 838, 815,
800, 764, 702, 692, 681.

MS (El, 70 eV) m/z (%): 351 (100) [M], 294 (12).

HRMS (EI): m/z calc. for [GiH21NO,S] 351.1293, found351.1287.
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4. NEW IN SITUMETALATIONS OF FUNCTIONALIZED ARENES ANDHETEROCYCLES

WITH TMPLI IN THE PRESENCE ORZNCL, AND OTHERMETAL SALTS

4.1 PREPARATION OFSTARTINGMATERIALS
All reagents were obtained from commercial sources.

Preparation of 3-bromo-2-(methylthio)pyridine (68a)

\Br

| N” > sMe
To a solution of 3-bromopyridine (3.16 g, 20.0 mmblO equiv) in anhydrous THF
(60 mL) was added TMPMgCI-LiCl (1.1@, 30.0 mmol, 1.5 equiv) at -60 °C and the
reaction mixture was allowed to warm to -40 °C witl2 h. Then, neaGmethyl
methanesulfonothioate (3.30 g, 24.0 mmol, 1.2 gquinas added and the reaction
mixture was allowed to warm to room temperaturegnghned with a sat. aq. NEl
solution and extracted with EtOAc (3 x 100 mL). Temmbined organic layers were
dried over NgSQ, and concentrateth vacuo Purification of the crude product by flash
chromatography (Si§i-hexane/EtOAc = 80:1) afforde@Ba as a yellowish oil (3.45 g,
84%).
'H-NMR (CDCl 5, 300 MHz) é (ppm): 8.38 (ddJ = 4.7, 1.3 Hz, 1H), 7.67 (dd,= 7.8,
1.4 Hz, 1H), 6.85 (dd] = 7.8, 4.7 Hz, 1H), 2.53 (s, 3H).
3C-NMR (CDCl3, 75 MHz) é (ppm): 159.3, 147.5, 138.8, 119.6, 119.0, 14.2.
IR (Diamond-ATR, neat) V' (cmY): 2924, 1564, 1537, 1430, 1382, 1314, 1246, 1230,
1149, 1141, 1118, 1059, 1008, 963, 872, 781, 764, 724, 701, 689, 681, 679, 677,
671, 668, 661, 658, 655, 653, 652.
MS (El, 70 eV) m/z (%): 203 (30), 157 (14), 124 (100), 82 (16), 78 (39).
HRMS (El): m/z calc. for [GHsBrNS] 202.9404, found: 202.9395.

Preparation of ethyl 3-cyanobenzoate (73§’
CO,Et

CN
The title compound was prepared from 3-cyanobenzmicl (2.94 g, 20.0 mmol,
1.0 equiv) and sulfuric acid (1.84 g, 96 w%, 18.@aoh 0.9 equiv) in ethanol (40 mL) at
85 °C for 8 h. After cooling to room temperaturee treaction mixture was quenched

27 gpectral data are in full accordance to those rtedoin the literature: I. A. Azath, P. Suresh, K.
PitchumaniNew. J. Chen012, 36, 2334.
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with a sat. ag. NECI solution and extracted with EtOAc (3 x 100 mChe combined
organic layers were dried over 0, and concentrateth vacuo Purification of the
crude product by flash chromatography (SiGhexane/EtOAc = 10:1) affordetB as a
colorless solid (3.30 g, 94%).

mp: 54.6 — 56.3 °C.

'H-NMR (CDCl 3, 300 MHz)é (ppm): 8.31 (s, 1H), 8.27 — 8.24 (m, 1H), 7.83 = 7.79 (m
1H), 7.56 (tJ = 7.8 Hz, 1H), 4.40 (q] = 7.1 Hz, 2H), 1.40 (1) = 7.1 Hz, 3H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 164.5, 135.8, 133.6, 133.2, 131.7, 129.3, 117.9,
112.9,61.7,14.2.

IR (Diamond-ATR, neat) 7 (cm™): 2983, 2227, 1719, 1699, 1695, 1680, 1608, 1580,
1483, 1477, 1446, 1432, 1395, 1366, 1307, 12870,12891, 1173, 1160, 1144, 1119,
1106, 1091, 1024, 998, 947, 934, 916, 864, 822, 783, 749, 739, 683, 667.

MS (El, 70 eV) m/z (%): 175 (22), 147 (38), 130 (100), 102 (37), 75 (12).

HRMS (El): m/z calc. for [GoHgNO,] 175.0633, found: 175.0633.

4.2 TYPICALPROCEDURES

Typical procedure 1 (TP1): Metalation/transmetalaton with MgCl - 2LiCl

A dry and argon flushe&chlenkflask equipped with a magnetic stirring bar and a
septum was charged with the aromatic compoundegdudv) in anhydrous THF (0.2 —
0.25m solution), MgC} (0.5m in THF, 1.1 equiv.) and LiCl (0.m in THF, 2.2 equiv)
and the solution was cooled to -78 °C. Then, TM@ELb equiv) was added drowpsie.
The corresponding electrophile was added (0.9 -efuiv) afterwards and stirring was
continued until completion of the reaction (checkgdSC analysis of reaction aliquots).
The reaction mixture was then quenched wit®Hsat. aq. NECI, or N&S,03 solutions
and extracted with EtOAc (3 x 50 mL). The combir@danic layers were dried over
NaSO, and concentratedn vacuo The crude residue was purified by flash

chromatography.

Typical procedure 2 (TP2): Metalation/transmetalaton with ZnCl,- 2LiCl

A dry and argon flushe&chlenkflask equipped with a magnetic stirring bar and a
septum was charged with the aromatic compoundegdudv) in anhydrous THF (0.2 —
0.25m solution), ZnC} (1.0m in THF, 1.1 equiv) and LiCl (0.m in THF, 2.2 equiv) and
the solution was cooled to -78 °C. Then, TMPLi (&duiv) was added drowpsie. The

corresponding electrophile was added (0.9 — 1.0Gveafterwards and stirring was
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continued until completion of the reaction (checkgdSC analysis of reaction aliquots).
The reaction mixture was then quenched wit®Hsat. aq. NECI, or N&S,03 solutions

and extracted with EtOAc (3 x 50 mL). The combire@danic layers were dried over
NaSO, and concentratedn vacuo The crude residue was purified by flash

chromatography.

Typical procedure 3 (TP3): Metalation/transmetalaton with LaCls- 2LiCl

A dry and argon flushe&chlenkflask equipped with a magnetic stirring bar and a
septum was charged with the aromatic compoundegdudv) in anhydrous THF (0.2 —
0.25M solution) and LaGlH2LiCl (1.0m in THF, 1.1 equiv) and the solution was cooled
to -78 °C. Then, TMPLI (1.5 equiv) was added draepshe corresponding electrophile
was added (0.9 equiv) afterwards and stirring waisticued until completion of the
reaction (checked by GC analysis of reaction aligjudrhe reaction mixture was then
guenched with bD, sat. aq. NECI, or Na&S,03 solutions and extracted with EtOAc (3 x
50 mL). The combined organic layers were dried oMesSO, and concentrateth
vacua The crude residue was purified by flash chronraipiy.

Typical procedure 3 (TP3):Negishi cross-coupling reactions

To the freshly prepared zinc reagent, Pd(gliy2)mol%), P(2-furyl} (4 mol%) and the
aryl iodide (0.7 — 1.0 equiv) were added at -78d the reaction mixture was allowed
to warm to room temperature. Stirring was continuetil completion of the reaction
(checked by GC analysis of reaction aliquots). fdeection mixture was then quenched
with a sat. ag. NECI solution and extracted with EtOAc (3 x 50 mLhelrcombined
organic layers were washed with a sat. aq. NaQitisol, dried over N&0O, and

concentrateth vacuo The crude residue was purified by flash chromapigy.

4.3METALATION OFSENSITIVEFUNCTIONALIZEDHETEROARENES USINEMPLI IN THE
PRESENCE OIMETALSALTS
Preparation of 3-bromo-4-iodo-2-(methylthio)pyridine (71a)
|

(S:Br

|N/ SMe
Prepared using three different methods.
Method A: Prepared according tdP2 from 3-bromo-2-(methylthio)pyriding68a;
204 mg, 1.0 mmol, 1.0 equiv), TMPLi (0.66 1.5 mmol, 1.5 equiv), Zngl(1.0Mm,
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1.1 mmol, 1.1 equiv) and LiCl (OM, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) at
-78 °C. After the addition of TMPLI, a solution &f (381 mg, 1.5 mmol, 1.5 equiv) in
anhydrous THF (1.5 mL) was added and the reactioure was stirred at -78 °C for
5min and 1 h at room temperature. The reactiorturexwas quenched with a sat. aq.
NaS,03 solution and extracted with EtOAc (3 x 10 mL). T¢mmbined organic layers
were dried over N&O, and concentrateith vacuo Purification of the crude product by
flash chromatography (SpOi-hexane/EtOAc = 200:1) affordedla as colorless solid
(249 mg, 76%).

Method B: Prepared according tdP1 from 3-bromo-2-(methylthio)pyriding68a;
204 mg, 1.0 mmol, 1.0 equiv), TMPLi (0.66 1.5 mmol, 1.5 equiv), Mggl(0.5m,
1.1 mmol, 1.1 equiv) and LiCl (OM, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) at
-78 °C. After the addition of TMPLI, a solution &f (381 mg, 1.5 mmol, 1.5 equiv) in
anhydrous THF (1.5 mL) was added and the reactimtune was stirred at -78 °C for 5
min and 1 h at room temperature. The reaction mextMas quenched with a sat. aq.
NaS;03 solution and extracted with EtOAc (3 x 10 mL). T¢wmbined organic layers
were dried over N&O, and concentrateth vacuo Purification of the crude product by
flash chromatography (SpOi-hexane/EtOAc = 200:1) affordedila as colorless solid
(288 mg, 87%).

Method C:. Prepared according tdP3 from 3-bromo-2-(methylthio)pyridind68a;
204 mg, 1.0 mmol, 1.0 equiv), TMPLi (0.66 1.5 mmol, 1.5 equiv), Lagl2LiCl
(0.5m, 1.1 mmol, 1.1 equiv) and LiCl (OM, 2.2 mmol, 2.2 equiv) in anhydrous THF
(2 mL) at -78 °C. After the addition of TMPLI, alaton of L (381 mg, 1.5 mmol,
1.5 equiv) in anhydrous THF (1.5 mL) was added thedreaction mixture was stirred at
-78 °C for 5 min and 1 h at room temperature. Tdaetion mixture was quenched with a
sat. ag. Ng5,03 solution and extracted with EtOAc (3 x 10 mL). Té¢enbined organic
layers were dried over N&O, and concentrateth vacuo Purification of the crude
product by flash chromatography ($jQ-hexane/EtOAc = 200:1) affordedla as
colorless solid (224 mg, 68%).

mp: 119.0 - 121.7 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 7.97 (d,J = 5.1 Hz, 1H), 7.45 (dJ = 5.1 Hz,
1H), 2.48 (s, 3H).

3C-NMR (CDCl3, 75 MHz) é (ppm): 160.7, 146.9, 129.9, 126.0, 112.7, 15.7.

IR (Diamond-ATR, neat) U (cm™): 2920, 1530, 1507, 1484, 1418, 1416, 1322, 1315,
1267, 1257, 1204, 1192, 1146, 1103, 1005, 964, 888, 729, 722, 695, 679, 668, 663,
661, 656, 653.
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MS (El, 70 eV) m/z (%): 329 (12), 250 (49), 167 (27), 149 (94), 83 (29),(49), 70
(31), 69 (39), 57 (89), 56 (28), 55 (43), 44 (813,(100).
HRMS (El): m/z calc. for [GHsBrINS] 328.8371, found: 328.8364.

Preparation of ethyl 4-[3-bromo-2-(methylthio)pyridin-4-yllbenzoate (71b)
CO,Et

\Br

N~ "SMe
Prepared according torP2 from 3-bromo-2-(methylthio)pyridine(68a 204 mg,
1.0 mmol, 1.0 equiv), TMPLi (0.64, 1.5 mmol, 1.5 equiv), Zngl(1.0m, 1.1 mmol,
1.1 equiv) and LIiCl (0.%1, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) @8 <C.
According toTP3 the corresponding zinc reagent was reacted wityl dtiodobenzoate
(72a 248 mg, 0.9 mmol, 0.9 equiv) at that temperafore5 min and was allowed to
warm to room temperature within 16 h. The reactiurture was quenched with a sat.
ag. NH,Cl solution and extracted with EtOAc (3 x 10 mLhelcombined organic layers
were dried over N&O, and concentrateth vacuo Purification of the crude product by
flash chromatography (Spi-hexane/EtOAc = 20:1) affordedlb as an off-white solid
(252 mg, 80%).
mp: 75.0 = 76.9 °C.
'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.41 (d,J = 4.9 Hz, 1H), 8.12 (d) = 8.3 Hz,
2H), 7.44 (dJ = 8.3 Hz, 2H), 6.91 (d] = 4.9 Hz, 1H), 4.40 (q] = 7.1 Hz, 2H), 2.57 (s,
3H), 1.40 (tJ = 7.1 Hz, 3H).
3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 166.0, 161.0, 149.0, 147.2, 143.1, 130.6, 129.5,
128.8, 120.5, 118.6, 61.2, 15.0, 14.3.
IR (Diamond-ATR, neat) U (cm™): 1707, 1684, 1568, 1516, 1465, 1438, 1404, 1362,
1333, 1308, 1299, 1273, 1218, 1202, 1176, 11612,11P216, 1105, 1100, 1062, 1026,
1019, 1010, 995, 983, 962, 873, 868, 855, 845, 830, 801, 772, 758, 749, 704, 686,
668.
MS (El, 70 eV) m/z (%): 353 (61), 352 (16), 351 (67), 272 (55), 244 (280 (21), 199
(100), 198 (29), 154 (18), 153 (23), 152 (19), (¥H).
HRMS (El): m/z calc. for [GsH14BrNO,S] 350.9929, found: 350.9926.
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Preparation of 4-(3-bromo-2-(methylthio)pyridin-4-yl)benzonitrile (71c)
CN

\Br

N~ "SMe
Prepared according torP2 from 3-bromo-2-(methylthio)pyridine(68a 204 mg,
1.0 mmol, 1.0 equiv), TMPLi (0.64, 1.5 mmol, 1.5 equiv), Zn¢l(1.0m, 1.1 mmol,
1.1 equiv) and LiCl (0.%1, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) @8 <C.
According toTP3 the corresponding zinc reagent was reacted withddbenzonitrile
(206 mg, 0.9 mmol, 0.9 equiv) at that temperatoresfmin and was allowed to warm to
room temperature within 16 h. The reaction mixtwes quenched with a sat. aq. M
solution and extracted with EtOAc (3 x 10 mL). Tdwmbined organic layers were dried
over NaSQ, and concentrateth vacuo Purification of the crude product by flash
chromatography (Si§) i-hexane/EtOAc = 10:1) affordedlc as a yellowish solid
(169 mg, 62%).
mp: 152.1 — 154.7 °C.
'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.43 (d,J = 4.9 Hz, 1H), 7.74 (dJ = 8.2Hz,
2 H), 7.49 (d,) = 8.2 Hz, 2H), 6.88 (d] = 4.9 Hz, 1H), 2.57 (s, 3H).
13C-NMR (CDCl3, 75 MHz) 6 (ppm): 161.4, 147.9, 147.4, 143.3, 132.1, 129.6, 120.2,
118.3, 118.3, 112.6, 15.0.
IR (Diamond-ATR, neat) U (cm™): 2918, 2229, 1566, 1510, 1503, 1436, 1401, 1332,
1309, 1295, 1202, 1180, 1120, 1112, 1061, 10220,10002, 976, 961, 955, 850, 820,
802, 771, 762, 748, 728, 723, 708, 685, 680.
MS (El, 70 eV) m/z (%): 304 (27),225 (100), 179 (29), 152 (22).
HRMS (El): m/z calc. for [GsHeBrN,S] 303.9670, found: 303.9660.
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Preparation of 4-(3-bromo-2-(methylthio)pyridin-4-yl)-5-chloro-2,6-dimethoxy-
pyrimidine (71d)

SMe

Prepared according torP2 from 3-bromo-2-(methylthio)pyridine(68a 204 mg,
1.0 mmol, 1.0 equiv), TMPLi (0.64, 1.5 mmol, 1.5 equiv), Zngl(1.0m, 1.1 mmol,
1.1 equiv) and LIiCl (0.%1, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) @8 <C.
According toTP3 the corresponding zinc reagent was reacted withl&r0-4-iodo-2,6-
dimethoxypyrimidine T2¢ 270 mg, 0.9 mmol, 0.9 equiv) at that temperatares min,
was then allowed to warm to room temperature arateldeat 50 °C for 16 h. The
reaction mixture was quenched with a sat. ag,@llolution and extracted with EtOAc
(3 x 10 mL). The combined organic layers were dogdr NaSO, and concentrateh
vacua Purification of the crude product by flash chréoggaphy (SiQ, i-hexane/EtOAc
=10:1) afforded’1d as a yellowish solid (130 mg, 39%).

mp: 163.7 — 165.8 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.47 (d,J = 4.9 Hz, 1H), 6.90 (d) = 4.9 Hz,
1H), 4.10 (s, 3H), 3.97 (s, 3H), 2.57 (s, 3H).

3C-NMR (CDCls3, 75 MHz) é (ppm): 166.9, 162.6, 162.5, 160.9, 147.4, 145.0, 119.1,
118.0, 109.0, 55.5, 55.3, 14.7.

IR (Diamond-ATR, neat) U (cm™): 2955, 2926, 1553, 1517, 1487, 1460, 1441, 1387,
1364, 1346, 1336, 1254, 1230, 1219, 1194, 11729,11108, 1046, 1032, 1012, 948,
899, 847, 790, 765, 759, 696, 683, 664.

MS (El, 70 eV) m/z (%): 375 (64), 298 (39), 297 (21), 296 (100), 261 (99).

HRMS (El): m/z calc. for [GoH11BrCINsO,S] 374.9444, found: 374.9436.
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Preparation of (3-bromo-2-(methylthio)pyridin-4-yl) (phenyl)methanone (71e)

@)

\Br

=

N~ "SMe
Prepared using three different methods.
Method A: Prepared according fbP2 from 3-bromopyridine 8 204 mg, 1.0 mmol,
1.0 equiv), TMPLi (0.664, 1.5 mmol, 1.5 equiv), Zngl(1.0M, 1.1 mmol, 1.1 equiv)
and LiCl (0.7m, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) @8 °C. After the
addition of TMPLi, CuCN-2LiCl (1., 1.5 mmol, 1.5 equiv) was added and the
reaction mixture was stirred for 15 min at -78 T@en, benzoyl chloride’@d; 127 mg,
0.9 mmol, 0.9 equiv) was added and the reactionturexwas allowed to warm room
temperature within 16 h. The reaction mixture waserghed with a conc. aq.
NH4CI/NH3 (2:1) solution and extracted with EtOAc (3 x 10)mThe combined organic
layers were dried over N&O, and concentrateth vacuo Purification of the crude
product by flash chromatography ($jQ-hexane/EtOAc = 20:1) affordedle as a
yellowish solid (60 mg, 22%).
Method B: Prepared according tBP3 from 3-bromopyridine @8a 204 mg, 1.0 mmol,
1.0 equiv), TMPLi (0.664, 1.5 mmol, 1.5equiv), Lagl2LiCl (0.5m, 1.1 mmol,
1.1 equiv) and LIiCl (0.%1, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) @8 <C.
After the addition of TMPLI, benzoyl chloridg2d;, 127 mg, 0.9 mmol, 0.9 equiv) was
added and the reaction mixture was allowed to wawm temperature within 16 h. The
reaction mixture was quenched with a sat. ag,@lolution and extracted with EtOAc
(3 x 10 mL). The combined organic layers were dogdr NaSO, and concentratenh
vacua Purification of the crude product by flash chréoggiaphy (SiQ, i-hexane/EtOAc
= 20:1) afforded’1eas a yellowish solid (82 mg, 30%).
Method C: Prepared according fbP2 from 3-bromopyridine 8g 204 mg, 1.0 mmol,
1.0 equiv), TMPLi (0.664, 1.5 mmol, 1.5 equiv), Zngl(1.0M, 1.1 mmol, 1.1 equiv)
and LiCl (0.7m, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) @8 °C. After the
addition of TMPLI, Pd(PP§4 (23 mg, 0.02 mmol, 2 mol%) and benzoyl chlorid2d
127 mg, 0.9 mmol, 0.9 equiv) were added. The reactnixture was stirred at that
temperature for 5 min and allowed to warm to roemgerature within 16 h. Then it was
heated to 50 °C for 4 h, quenched with a sat. ad,Q\ solution and extracted with
EtOAc (3x 10 mL). The combined organic layers weheed over NgSO, and
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concentratedn vacuo Purification of the crude product by flash chréoggaphy (SiGQ,
I-hexane/EtOAc = 20:1) affordétleas a yellowish solid (154 mg, 56%).

mp: 94.7 — 97.2 °C.

'H-NMR (CDCl 3, 300 MHz) ¢ (ppm): 8.50 (d,J = 4.8 Hz, 1H), 7.81 — 7.78 (m, 2H),
7.63 (t,J=7.4 Hz, 1H), 7.47 (1 = 7.7 Hz, 2H), 6.90 (dl = 4.8 Hz, 1H), 2.59 (s, 3H).
13C-NMR (CDCl3, 75 MHz) é (ppm): 193.6, 161.2, 147.9, 147.5, 134.7, 134.4, 130.1,
128.9, 117.4, 115.1, 14.6.

IR (Diamond-ATR, neat) U (cm™): 2924, 2920, 2852, 1720, 1670, 1651, 1592, 1582,
1566, 1556, 1514, 1489, 1448, 1435, 1425, 14082,18317, 1279, 1225, 1202, 1180,
1171, 1158, 1144, 1109, 1105, 1085, 1070, 10547,10000, 977, 970, 957, 937, 919,
902, 889, 881, 872, 869, 847, 839, 828, 821, 802, 749, 743, 734, 709, 703, 687, 682,
657.

MS (El, 70 eV) m/z (%): 309 (66), 307 (64), 294 (64), 293 (45), 247 (2883 (96),
199 (22), 185 (41), 183 (55), 105 (82), 77 (100).

HRMS (EI): m/z calc. for [GsH10BrNOS] 306.9666, found: 306.9662.

Preparation of 3-bromo-4-((3,4-dichlorophenyl)thio}2-(methylthio)pyridine (71f)

Br

N™ "SMe
Prepared according t©P1 from 3-bromopyridine @8& 204 mg, 1.0 mmol, 1.0 equiv),
TMPLi (0.66Mm, 1.5 mmol, 1.5 equiv), Mggl(0.5m, 1.1 mmol, 1.1 equiv) and LiCl
(0.7m, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) @8 <C. After the addition of
TMPLi, S(3,4-dichlorophenyl) benzenesulfonothiddfe(72e 287 mg, 0.9 mmol,
0.9 equiv) dissolved in THF (1 mL) was added arel ifactions mixture was stirred at
-78 °C for 5 min and 6 h at room temperature. Tdaetion mixture was quenched with a
sat. ag. NHCI solution and extracted with EtOAc (3 x 10 mLhelcombined organic
layers were dried over N&O, and concentrateth vacuo Purification of the crude
product by flash chromatography ($jQ-hexane/EtOAc = 80:1) affordedlf as a
colorless solid (205 mg, 60%).
mp: 146.8 — 148.4 °C.
'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.10 (d,J = 5.3 Hz, 1H), 7.66 (d) = 2.0 Hz,
1H), 7.54 (dJ = 8.3 Hz, 1H), 7.38 (dd] = 8.3, 2.0 Hz, 1H), 6.22 (d,= 5.3 Hz, 1H),
2.53 (s, 3H).

176



C.EXPERIMENTAL SECTION

3C-NMR (CDCl3 75 MHz) é (ppm): 160.1, 149.8, 146.7, 137.0, 135.0, 134.7, 134.1,
131.8, 129.5, 116.3, 115.8, 14.8.

IR (Diamond-ATR, neat) U (Cm'l): 2361, 2358, 2357, 1546, 1511, 1506, 1452, 1440,
1418, 1364, 1335, 1312, 1305, 1245, 1200, 11585,11438, 1131, 1129, 1122, 1109,
1097, 1034, 1014, 1007, 986, 963, 952, 878, 820, 810, 786, 759, 725, 714, 697, 675,
668, 662.

MS (El, 70 eV) m/z (%): 383 (38), 382 (16), 381 (74), 380 (15), 379 (8D4 (17), 301
(18), 300 (100), 142 (16).

HRMS (El): m/z calc. for [GoHgBrCI.NS;] 378.8659, found: 378.8651.

4.4 UNPRECEDENTEDREGIOSELECTIVITIES IN THEMETALATION OF(HETERQARENES USING
TMPL IN THE PRESENCE OMETALSALTS
Preparation of ethyl 3-cyano-2-iodobenzoate (74)
CO,Et

|

CN
To a solution of ethyl 3-cyanobenzoa#®3;(175 mg, 1.0 mmol, 1.0 equiv) in anhydrous
THF (1 mL) was added TMPMgCI-LiCl (1.1, 1.1 mmol, 1.1 equiv) at room
temperature and the reaction mixture was stirred. fo. Then, a solution of (254 mg,
1.0 mmol, 1.0 equiv) in THF (1 mL) was added anel tbaction mixture was stirred at
that temperature for 1 h. The reaction mixture \yasnched with a sat. aq. 205
solution and extracted with EtOAc (3 x 10 mL). Tdmmbined organic layers were dried
over NaSQ, and concentrateth vacuo Purification of the crude product by flash
chromatography (Si§i-hexane/EtOAc = 10:1) affordefit as a colorless solid (137 mg,
46%).
mp: 73.0 — 74.8 °C.
'H-NMR (CDCl 3, 300 MHz) é (ppm): 7.84 (ddJ = 7.8, 1.7 Hz, 1H), 7.67 (dd,= 7.7,
1.7 Hz, 1H), 7.51 () = 7.8 Hz, 1H), 4.41 (g] = 7.1 Hz, 2H), 1.40 (1) = 7.1 Hz, 3H).
3C-NMR (CDCl3, 75 MHz) é (ppm): 165.8, 138.7, 136.2, 133.5, 128.4, 123.7, 119.4,
98.0, 62.4, 14.1.
IR (Diamond-ATR, neat) 7 (cm™): 2231, 1722, 1699, 1695, 1682, 1572, 1477, 1448,
1443, 1410, 1394, 1365, 1280, 1249, 1231, 11856,11642, 1116, 1065, 1021, 995,
970, 963, 956, 952, 943, 932, 919, 899, 895, 888, 869, 851, 846, 841, 835, 826, 791,
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787,777, 753, 714, 707, 703, 699, 692, 683, 680, 675, 674, 669, 667, 661, 659, 656,
653.

MS (El, 70 eV) m/z (%): 301 (61), 273 (35), 256 (100), 228 (26), 101 (3%)(19).

HRMS (El): m/z calc. for [GoHgINO,] 300.9600, found: 300.9598.

Preparation of ethyl 5-cyano-2-iodobenzoate (75a)
CO,Et

CN
Prepared according t@P2 from ethyl 3-cyanobenzoate73 104 mg, 1.0 mmol,
1.0 equiv), TMPLi (0.664, 1.5 mmol, 1.5 equiv), Zngl(1.0M, 1.1 mmol, 1.1 equiv)
and LiCl (0.7m, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) @8 °C. After the
addition of TMPLI, a solution of;1(254 mg, 1.0 mmol, 1.0 equiv) in anhydrous THF
(1 mL) was added and the reaction mixture wasestiat -78 °C for 10 min and 1 h at
room temperature. The reaction mixture was quenghitda sat. aq. N&,O3; solution
and extracted with EtOAc (3 x 10 mL). The combiredanic layers were dried over
NaSO, and concentratedn vacuo Purification of the crude product by flash
chromatography (Si§) i-hexane/EtOAc = 20:1) afforde@5a as a colorless solid
(164 mg, 54%).
mp: 98.5 - 100.9 °C.
'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.13 (d,J = 8.2 Hz, 1H), 8.05 (d) = 2.0 Hz,
1H), 7.37 (dd)) = 8.2, 2.0 Hz, 1H), 4.42 (d,= 7.1Hz, 2 H), 1.42 (t) = 7.1Hz, 3 H).
3C-NMR (CDCl3, 75 MHz) é (ppm): 164.6, 142.5, 136.5, 134.5, 133.9, 117.3, 112.3,
100.2, 62.5, 14.1.
IR (Diamond-ATR, neat) V' (cmY): 2231, 1736, 1586, 1461, 1456, 1395, 1368, 1295,
1277, 1244, 1192, 1154, 1153, 1118, 1110, 10993,10218, 969, 911, 867, 832, 777.
MS (El, 70 eV) m/z (%): 301 (82), 273 (48), 256 (100), 228 (31), 178 (197 (24),
101 (22), 71 (20).
HRMS (El): m/z calc. for [GoHsgINO,] 300.9600, found: 300.9587.

Preparation of ethyl 4,4'-dicyano-[1,1'-biphenyl]-2carboxylate (75b)

NC O CO,Et
‘ CN
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Prepared according t@P2 from ethyl 3-cyanobenzoate73 104 mg, 1.0 mmol,
1.0 equiv), TMPLi (0.664, 1.5 mmol, 1.5 equiv), Zngl(1.0m, 1.1 mmol, 1.1 equiv)
and LiCl (0.7m, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) & <C. According to
TP3 the corresponding zinc reagent was reacted withdd-benzonitrile 72b; 160 mg,
0.7 mmol, 0.7 equiv) at that temperature for 5 ramd 4 h at room temperature. The
reaction mixture was quenched with a sat. ag,@llolution and extracted with EtOAc
(3 x 10 mL). The combined organic layers were dogdr NaSQO, and concentrateh
vacua Purification of the crude product by flash chréoggiaphy (SiQ, i-hexane/EtOAc

= 6:1) afforded’5b as an off-white solid (163 mg, 84%).

mp: 123.8 — 125.5 °C.

'H-NMR (CDCl3, 300 MHz) ¢ (ppm): 8.22 (d,J = 1.6 Hz, 1H), 7.83 (ddJ = 8.0,
1.7 Hz, 1H), 7.71 (dJ = 8.3 Hz, 2 H), 7.44 (dl = 8.0 Hz, 1H), 7.39 (d] = 8.3 Hz, 2 H),
4.15(9J=7.1Hz, 2H), 1.09 (1 = 7.1 Hz, 3 H).

13C-NMR (CDCl3, 75 MHz) 6 (ppm): 165.4, 145.1, 144.4, 134.5, 134.1, 131.9, 131.7,
131.4,128.9, 118.3, 117.4, 112.6, 112.1, 61.9,.13.

IR (Diamond-ATR, neat) U (cm’): 2922, 2229, 2224, 1724, 1684, 1675, 1603, 1587,
1495, 1482, 1473, 1464, 1454, 1412, 1400, 1387418813, 1294, 1282, 1245, 1188,
1157, 1141, 1128, 1116, 1100, 1015, 1006, 990, 964, 948, 919, 884, 867, 860, 852,
830, 791, 755, 748, 731, 729, 727, 724, 721, 70%, 894, 684, 682, 679, 676, 668, 661,
655, 653.

MS (El, 70 eV) m/z (%): 276 (31), 248 (28), 232 (18), 231 (100), 203 (22 (16),
176 (25).

HRMS (EI): m/z calc. for [G/H12N20O,] 276.0899, found: 276.0892.

Preparation of diethyl 4-cyano-[1,1'-biphenyl]-2,4*dicarboxylate (75c)

E
t0,C O CO,Et
‘ CN

Prepared according t@P2 from ethyl 3-cyanobenzoate73 104 mg, 1.0 mmol,
1.0 equiv), TMPLi (0.664, 1.5 mmol, 1.5 equiv), Zngl(1.0M, 1.1 mmol, 1.1 equiv)
and LiCl (0.7m, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) & <C. According to
TP3 the corresponding zinc reagent was reacted whiyl dtiodobenzoate7@a 193 mg,
0.7 mmol, 0.7 equiv) at that temperature for 5 ramd 4 h at room temperature. The
reaction mixture was quenched with a sat. ag,@llolution and extracted with EtOAc

(3 x 10 mL). The combined organic layers were dogdr NaSQO, and concentrateuh
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vacua Purification of the crude product by flash chréoggiaphy (SiQ, i-hexane/EtOAc

= 6:1) afforded75cas a colorless solid (196 mg, 87%).

mp: 62.8 — 64.7 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.16 (d,J = 1.4 Hz, 1H), 8.09 (d) = 8.2 Hz,
2H), 7.80 (ddJ = 8.0, 1.6 Hz, 1H), 7.47 (d,= 8.0 Hz, 1H), 7.35 (d] = 8.2 Hz, 2H),
4.39 (gJ = 7.1 Hz, 2H), 4.12 (q] = 7.1 Hz, 2H), 1.40 () = 7.1 Hz, 3H), 1.04 (1 = 7.1

Hz, 3H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 166.1, 145.9, 144.1, 134.2, 133.8, 132.1, 131.4,
130.2, 129.4, 128.1, 117.6, 112.0, 61.8, 61.1,,12337. (One signal not observed,;
possible coincidental isochronicity.)

IR (Diamond-ATR, neat) ¥ (cm'): 2987, 2233, 1710, 1697, 1671, 1659, 1652, 1611,
1602, 1485, 1476, 1464, 1453, 1443, 1407, 13876,18861, 1310, 1289, 1273, 1253,
1190, 1180, 1170, 1149, 1112, 1106, 1101, 10913,10217, 1004, 971, 948, 924, 868,
848, 798, 793, 777, 761, 729, 712, 683, 679, 672, 668, 663, 661, 658, 656, 655, 653.
MS (El, 70 eV) m/z (%): 323 (44), 279(18), 278 (100), 250 (27), 206 (30)] (20).

HRMS (El): m/z calc. for [GoH17/NO4] 323.1158, found: 323.1151.

Preparation of ethyl 4-cyano-1',2',3',4'-tetrahydro[1,1'-biphenyl]-2-carboxylate

(75d)
‘ CO,Et
‘ CN

Prepared according t@P2 from ethyl 3-cyanobenzoate73 104 mg, 1.0 mmol,
1.0 equiv), TMPLi (0.664, 1.5 mmol, 1.5 equiv), Zngl(1.0m, 1.1 mmol, 1.1 equiv)
and LiCl (0.7m, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) @8 °C. After the
addition of TMPLi, CuCN-2LiCl (1., 1.5 mmol, 1.5 equiv) was added and the
reaction mixture was stirred at -78 °C for 15 miimen, 3-bromocyclohex-1-en&4g
113 mg, 0.7 mmol, 0.7 equiv) was added and thetiiogamixture was allowed to warm
to -40 °C within 4 h. The reaction mixture was quleed with a conc. aq. NGI/NH3
(2:1) solution and extracted with EtOAc (3 x 10 mLhe combined organic layers were
dried over NgSO, and concentrateih vacuo Purification of the crude product by flash
chromatography (Si§) i-hexane/EtOAc = 10:1) afforded5d as a colorless solid
(140 mg, 79%).

mp: 53.5 - 55.0 °C.
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IH-NMR (CDCl 3, 300 MHz) § (ppm): 8.09 (d,J = 1.7 Hz, 1H), 7.68 (dd) = 8.2,

1.8 Hz, 1H), 7.49 (dJ = 8.2 Hz, 1H), 6.00 - 5.93 (m, 1H), 5.58 (dd= 10.1, 1.9 Hz,
1H), 4.41 - 4.28 (m, 3H), 2.19 - 2.03 (m, 3H), 1:7658 (M, 2H), 1.48 - 1.36 (M, 4H).
13C-NMR (CDCl3, 75 MHz) é (ppm): 166.0, 153.0, 134.4, 134.0, 131.1, 130.1, 129.7,
128.8, 118.2, 109.9, 61.6, 38.1, 32.0, 24.8, 214(Q.

IR (Diamond-ATR, neat) V (Cm'l): 2978, 2925, 2918, 2854, 2837, 2231, 1723, 1695,
1684, 1674, 1603, 1557, 1486, 1476, 1467, 14550,14392, 1388, 1365, 1313, 1294,
1278, 1270, 1240, 1221, 1192, 1184, 1148, 11352,11212, 1081, 1073, 1044, 1024,
981, 941, 924, 915, 901, 881, 870, 846, 824, 818, 888, 768, 750, 748, 742, 731, 723,
716, 707, 697, 696, 691, 682, 668, 664, 658.

MS (EI, 70 eV) m/z (%): 255 (20), 210 (23), 209 (100), 208 (45), 191 (30 (45),
180 (23), 153 (24), 149 (37), 140 (21).

HRMS (El): m/z calc. for [GeH17NO,] 255.1259, found: 255.1261.

Preparation of ethyl 2-benzoyl-5-cyanobenzoate (7be
CO,Et

0]
CN

Prepared according t@P2 from ethyl 3-cyanobenzoate73 104 mg, 1.0 mmol,
1.0 equiv), TMPLi (0.664, 1.5 mmol, 1.5 equiv), Zngl(1.0m, 1.1 mmol, 1.1 equiv)
and LiCl (0.7m, 2.2 mmol, 2.2 equiv) in anhydrous THF (2 mL) @8 °C. After the
addition of TMPLi, CuCN-2LiCl (1., 1.5 mmol, 1.5 equiv) was added and the
reaction mixture was stirred at -78 °C for 15 mawutThen, benzoyl chlorid&Zd;

98 mg, 0.7 mmol, 0.7 equiv) was added and the irachixture was allowed to warm
room temperature overnight. The reaction mixtures vgaenched with a conc. aq.
NH4CI/NH3 (2:1) solution and extracted with EtOAc (3 x 10)nTChe combined organic
layers were dried over N&O, and concentrateth vacuo Purification of the crude
product by flash chromatography ($jQ-hexane/EtOAc = 10:1) affordedSe as a
colorless solid (97 mg, 50%).

mp: 96.2 — 98.0 °C.

'H-NMR (CDCl 3, 300 MHz) é (ppm): 8.36 (d,J = 1.3 Hz, 1H), 7.90 (dd) = 7.9,
1.5 Hz, 1H), 7.72 — 7.69 (m, 2H), 7.58J& 7.4 Hz, 1H), 7.51 — 7.42 (m, 3H), 4.13 {q,

= 7.1 Hz, 2H), 1.08 (1) = 7.2 Hz, 3H).

3C-NMR (CDCl3, 75 MHz) ¢ (ppm): 195.0, 163.8, 145.5, 136.1, 135.4, 133.9, 133.8,
130.4, 129.3, 128.7, 128.5, 117.2, 113.8, 62.3%.13.
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C. EXPERIMENTAL SECTION

IR (Diamond-ATR, neat) U (cm™): 2962, 2958, 2937, 2925, 2234, 1721, 1694, 1666,
1608, 1596, 1582, 1472, 1451, 1409, 1391, 13618,18295, 1272, 1256, 1190, 1164,
1146, 1126, 1115, 1088, 1071, 1028, 1011, 999, 943, 931, 911, 861, 844, 805, 797,
777,732,713, 692, 685, 673, 667.

MS (El, 70 eV) m/z (%): 279 (26), 234 (32), 202 (19), 174 (54), 105 (100)(33).

HRMS (EI): m/z calc. for [G/H13NO3] 279.0895, found: 279.0896.
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1.LI1ST OFABBREVIATIONS

Ac
acac
aqg.
Ar
ATR
Boc
Bu
calc.
Cbz

conc.

dba
DBU
DDQ
DIPEA
DMA
DMEDA
DMF
DMG
DMPU
DoM
dppf
DMSO

equiv

El
Et
FG
GC

Hal

acetyl

acetylacetonate

aqueous

aryl

attenuated total reflection (IR)
tert-butyloxycarbonyl

butyl

calculated

carboxybenzyl

concentrated

doublet (NMR) / day
trans,transdibenzylideneacetone
1,8-diazabicycloundec-7-ene
2,3-dichloro-5,6-dicyanobenzo-1,4-quinone
N,N-diisopropylethylamine
N,N-dimethylacetamide
N,N’-dimethylethylenediamine
N,N-dimethylformamide

directed metalation group
N,N'-dimethylpropyleneurea
directedortho-metalation
1,1'-bis(diphenylphosphino)ferrocene
dimethyl sulfoxide

equivalent

electrophile

electron ionization

ethyl

functional group

gas chromatography

hour

halogen
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Hex hexyl

HMPA hexamethylphosphoramide
HRMS high resolution mass spectroscopy
Hz Hertz

iPr iso-propyl

IR infrared

J coupling constant (NMR)

L ligand

LDA lithium N,N-diisopropylamide
M mol/L

m meta

mMCPBA metachloroperoxybenzoic acid
Me methyl

min minute

MEM methoxyethoxymethyl

MOM methoxymethyl

mp melting point

MWI microwave irradiation

MS mass spectroscopy

MHz Megahertz

nBu n-butyl

nPr n-propyl

NBS N-bromosuccinimide

NEP N-ethyl-2-pyrrolidone

NFSI N-fluorobenzenesulfinimide
NIS N-iodosuccinimide

NMR nuclear magnetic resonance
NMP N-methylpyrrolidin-2-one

0 ortho

p para

PEPPSI-IPr  [1,3-Bis(2,6-diisopropylphenyl)imidazblylidene](3-
chloropyridyl)palladium(ll) dichloride

PG protective group

Ph phenyl
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Piv pivaloyl

PMB para-methoxybenzyl

ppm parts per million

py pyridine

R organic substituent

rpm revolutions per minute

sat. saturated

SPhos 2-dicyclohexylphosphino-2’,6’-dimethoxybipke
tBu tert-butyl

T temperature

t reaction time

TBDMS tert-butyldimethyilsilyl

TLC thin layer chromatography
THF tetrahydrofuran

TIPS trisopropyilsilyl

TMEDA N,N,N’, N'-tetramethylethane-1,2-diamine
TMP 2,2,6,6-tetramethylpiperidyl
TMPH 2,2,6,6-tetramethylpiperidine
TMS trimethylsilyl

Ts 4-toluenesulfonyl / tosylate
TP typical procedure
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2. X-RAY DATA FOR COMPOUNDS18, 234A, 23B, 27A, 278 AND 37

Compound 18

Figure 5. DIAMOND view of the molecular structure of compwll8 in the crystal; thermal
ellipsoids are drawn at 50% probability level.

Table 12 Molecular structure of compourd® in the crystal; selected atom distances (in A).
Brl -C3 1.888(4) | C1€2 1.393(6)

Cl1-C6  1.704(5) | C2-C3 1.388(6)
S1-01  1.497(3) | C3c4 1.399(7)
S1-C2  1.812(4) | c4€5 1.423(6)
S1-C10 1.789(5) | C4 €7 1.412(7)
02-C8  1.402(6) | C5-C6 1.357(7)
02-C9  1.434(7) | C10-€11 1.394(7)
03-C13 1.382(6) | C10-€15 1.386(7)
03-C18 1.428(6) | C11€12 1.402(7)
N1-C6  1.397(7) | C12€13 1.393(7)
N1-C7  1.383(5) | C12€16 1.511(7)
N1-C8  1.455(7) | C13€14 1.411(7)
N2-C1  1.337(6) | C14-€15 1.391(7)
N2-C7  1.335(6) | C14€17 1.501(7)
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01-S1-C2
01-S1-C10
C2-S1-C10
C8-02-C9

C13-03 18

C6 —N1-C7
C6 - N1-C8
C7-N1-C8
Cl-N2-C7
N2 -C1-C2
S1-C2-C1
S1-C2-C3
Cl-C2-C3
Brl - C3-C2
Brl-C3-C4
C2-C3-C4
C3-C4-C5
C3-C4-C7
C5-C4-Cv
C4-C5-C6
Cl1-C6 N1

105.7(2)
106.2(2)
98.8(2)

112.8(4)
113.5(4)
106.5(4)
127.1(4)
126.3(4)
114.0(4)
124.5(4)
119.1(3)
120.8(3)
120.0(4)
123.4(3)
118.7(3)
117.9(4)
136.1(4)
116.1(4)
107.8(4)
106.0(4)
119.8(4)

Cll-C6-C5  128.6(4)
N1-C6—C5 111.6(4)
N1-C7 - N2 124.4(4)
N1-C7 - C4 108.2(4)
N2 — C7 - C4 127.4(4)
02-C8-N1 113.8(4)
S1-Cl10-C11 117.7(4)
S1-C10-C15 120.9(4)
C11-C10€15 121.2(4)
C10-Cl1€12 119.9(4)
Cll1-Cl2€13 118.0(4)
Cl1-C12€16 119.8(4)
C13-C12€16  122.2(4)
03-Cl13€12  119.3(4)
03-Cl13€14  118.1(4)
Cl2-Cl13€14 122.6(4)
C13-C14€15 117.8(5)
C13-C14€17 120.8(4)
C15-Cl4€17 121.4(5)
C10-C15€14  120.4(5)

01-S1-C10€11
C2-S1-Ci10€11
01-S1-C10€15
01-S1-C2-C1
Cl0-S1-Cz2€1
01-S1-C2-C3
Cl0-S1-C2<€3
C2-S1-C1l0€15
C9-02-C8N1

143.8(4)
-106.9(4)
-30.8(4)
14.0(4)
-95.7(4)
-161.7(4
88.6(4)
78.4(4)
71.5(5)

Cl-C2-C3-8Br1
Brl1-C3-C4-C7
C2-C3-C4-C5
C2-C3-C4-C
Brl-C3-C46E5
C3-C4 - -
C5-C4-C7-N2
C3-C4-C7-N1
C3-C4-C7-N2

-179.1(3
179.9(3)

Table 13 Molecular structure of compoudd® in the crystal; selected bond angles (in °).

Table 14 Molecular structure of compourid in the crystal; selected torsion angles (in °).

)

-178.0(5)

0.2(6)
1.7(8)
179.6(6)
178.0(4)
-180.0(4
-0.7(7)

)
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C18-03-C13€12
C18-03-C13€14
C6-N1-C8-0O2
C7-N1-C8-02
C8-N1-C6<Cl1
C8-N1-C6-C5
C7-N1-C6-Clh
C6-N1-C7-N2
C6-N1-C7€4
C7-N1-C6€5
C8-N1-C7-C4
C8-N1-C7-N2
Cl-N2-C74
Cl-N2-C7-N1
C7r-N2-Cl1€2
N2-Cl1-C2-€3
N2-Cl-C2-S1
S1-C2-C348r1
Cl-C2-C3¢€4
S1-C2-C3-C4

-82.8(6)
98.3(5)
75.1(6)
-108.4(5)
0.1(7)
177.2(4)
-177.0(3)
-178.6(4)
0.8(5)
0.1(5)
-176.4(4)
4.3(7)
0.4(7)
179.5(4)
0.5(6)
-0.9(7)
-176.7(4
-3.5(5)
0.5(6)
176.2(3)

C7-C4-C5-C6
C5-C4-C7-N1
C4-C5-C6-CIh
C4-C5-C6-N1
S1-C10-C11€12
C15-C10-C11G12
S1-C10 - C15G14
Cl1-C10-C15G14
C10-C11-C12c13
C10-C11 - C12c16
Cl1-C12-C13G3
Cl1-C12-C13c14
Cl6 -C12 - C13G3
Cl16 - C12 - C13G14
03 -C13-C14¢€15
03 -C13-Cl14¢c17
Cl2-C13-€c045
Cl12 - C13 - C14c17
C13-C14 - C15€10
Cl1l7 -C14 - C15G10

1.4(5)
-1.3(5)
175.9(4)
-0.9(6)
-174.8(4)
-0.2(7)
172.8(4)
-1.7(7)
1.2(7)
-179.9(5)
-179.3(4)
-0.4(7)
1.7(7)
-179.3(5)
177.6(4)
-2.2(7)
-1.4(7)
178.9(5)
2.4(7)
-177.9(5)
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Compound 23a

Figure 6: DIAMOND view of the molecular structure of compauB3a (molecule A) in the
crystal; thermal ellipsoids are drawn at 50% prdligbevel.

Table 15: Molecular structure of compour2Ba (molecule A) in the crystal; selected atom
distances (in A).

Bri—C7 1.886(3) | C2-C3 1.419(5)
Cl1-C1 1.706(4) | C3-C7 1.396(5)
S1-08 1.499(3) | C3-C4 1.427(5)
S1-C15  1.795(4) | C5-C6 1.426(5)
S1-C6 1.823(4) | C5-C10 1.522(5)
01-Cs8 1.388(6) | C6-C7 1.395(5)

01-C9 1.402(6) | C10—Cl11  1.455(5)
02-C10  1.213(4) | Cl1-Cl12  1.361(6)
03-C14  1.374(5) | C12-C13  1.407(6)
03-C11  1.381(4) | C13-Cl4  1.348(6)
O4-Cl18 1.388(4) | C15-C16  1.393(6)
04-C23  1.431(6) | C15-C20  1.393(5)
N1-C1 1.384(5) | C16—-C17  1.397(7)
N1-C8 1.457(6) | C17-C18  1.405(5)
N1-C4 1.394(4) | C17-C21  1.505(6)
N2 - C4 1.331(4) | C18—-C19  1.401(5)
N2 — C5 1.350(4) | C19-C22  1.504(6)
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Cl1-C2 1.367(5) [ C19—-C20  1.403(5)

Table 16 Molecular structure of compourBa (molecule A) in the crystal; selected bond
angles (in °).

08 -S1-C6 108.6(2)] Bri-C7-C3 118.02)
08 —S1-C15 106.9(2)| C3-C7-C6 118.7(3)
C6-S1-C15 98.4(2) | 01-C8-N1 113.1(4)
C8-01-C9 113.4(4) | 02-C10-C5 118.7(3)
C11-03-Cl4 106.0(3) | 02-C10-C11 122.8(3)
C18-04-C23  114.9(3) | C5-C10-Cl1 118.5(3)
C4-N1-C8 126.4(3) | 03-C11-C10 115.4(3)
Cl1-N1-C8 126.9(3) | 03-Cl11-C12 109.1(3)
Cl1-N1-C4 106.7(3) | C10-C11-C12 135.4(4)
C4-N2-C5 113.93) | C11-C12-C13 107.7(4)
N1-C1l-C2 112.2(3) | C12-C13-cC14 106.3(4)
Cll-Cl1-C2  128.1(3) | 03-C14-C13 110.8(4)
Cl1-C1- N1 119.7(3) | S1-C15-C20 121.5(3)
Cl1-C2-C3 105.7(3)| S1-C15-C16  117.5(3)
C2-C3-C4 108.0(3)| C16-C15-C20 120.6(3)
C2-C3-C7 136.1(3)| C15-Cl16-C17 121.2(4)
C4-C3-C7 116.03)| C16-Cl17-C21 121.2(4)
N1-C4-C3 107.4(3) | C16—C17 - C18 117.2(4)
N2 — C4—C3 128.0(3) | C18-C17-cC21 121.6(4)
N1—C4— N2 124.5(3) | 04-C18-C17 118.8(3)
C6-C5-C10  119.9(3) | O4-C18-C19 118.3(3)
N2 — C5 - C6 124.2(3) | C17-C18-C19 122.8(3)
N2-C5-C10  115.7(3) | C18-C19-C22 121.5(3)
C5-C6-C7 119.1(3)| C20-C19-C22 120.3(3)
S1-C6-C5 116.9(2)| C18-C19-C20 118.3(3)
S1-C6-C7 123.7(3)] C15-C20-C19 119.9(3)
Brl-C7-C6  123.2(3)
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Table 17: Molecular structure of compourzBa (molecule A) in the crystal; selected torsion

angles (in °).

Cl15-S1-C6-C5
08-S1-C6-C7
08-S1-C6-C5
C6-S1-C15-C20
08-S1-C15-C20
Cl15-S1-C6-C7
C6-S1-C15-C16
08-S1-C15-Cl16
C9-01-C8-N1
C14-03-C11-C10
Cl4-03-Cl1 €12
Cl1-03-C14 €13
C23-04 -C18 €17
C23-04-C18-C19
C8-N1-C4-N2
C8-N1-C1<€l1
C4-N1-Cl1-CIh
Cl1-N1-C8-0O1
C4-N1-C8-01
C8-N1-C43
Cl1-N1-C4-N2
Cl1-N1-C4-C3
C4-N1-Cl1-C2
C8-N1-Cl1€2
C4-N2-C5-C10
C5-N2-C4 N1
N1-C1-C2-C3
Cl1-C1-C2-C3
Cl-C2-C3-C4
Cl-C2-C3<L7
C2-C3-C7-8Brl
C7-C3-C4-N1

-115.7(3)
-40.4(3)
133.2(3)
46.4(3)
158.9(3)
70.7(3)
-140.8(3)
-28.4(3)
72.8(5)
-175.1(3)
0.9(4)
-0.9(4)
90.5(4)
-93.0(4)
-2.9(6)
3.5(5)
-177.8(3)
70.6(5)
-107.9(5)
178.7(4)
178.4(3)
0.0(4)
0.5(4)
-178.2(4)
171.1(3)
-176.4(3)
-0.7(4)
177.4(3)
0.7(4)
-179.4(4)
1.1(6)
179.6(3)

C7-C3 - -
C10 - C5 - /-
C6 - C5-COr-
C6-C5-C10-C11
N2-C5-&A-
N2 — C5 — @&r—
N2 -C5-c1ll
Cl0-C5—3&A
N2 — C5 - CXD2-
S1-C6-C7-C3
S1-C6-C7-Brl
C5-C6-C7-C3
C5-C6-C7-Brl
02-C10-C11-083
C5-C10-C1a3-
C5-C10-C11-C12
02 -C10-€1a12
03-Cl1-C12-C13
Cl0-Cl1-¢e1a3
Cl1-C12-C13-C14
Cl2-C13-¢c08
S1-Cl5-¢e1.l7
C20-Cil5-c@7
S1-C15-C20-C19
Cl6 -Cl5-€Pa9
Cl5-Cil6-Cl7-C21
Cl15-Cl6-c178
Cl6-Cl78€D4
Cl6-Cl7-€139
C21-C17-C18-04
C21 -C17 - c1319
04 -C18 —-c1p2

1.2(6)
-171.9(3)
40.6(5)
-138.8(4)
-171.3(3)
2.6(5)
46.3(5)
14.2(4)
-134.4(4)
174.1(3)
-9.4(5)
0.6(5)
177.1(3)
1.5(5)
-179.2(3)
6.3(6)
-173.0(4)
-0.5(4)
174.2(4)
-0.1(4)
0.6(4)
-172.7(3)
0.1(5)
172.6(3)
0.1(5)
179.3(4)
0.5(5)
175.0(3)
-1.5(5)
-3.8(5)
179.7(4)
4.1(5)
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C2-C3-C4-N2
C4-C3-C7-C6
C2-C3-C7-Cob
C4-C3-C7-Brl
C2-C3-C4-N1

-178.8(4)
-2.3(5)

177.7(4)
-179.0(3)

Cl7-C18 - ct20
Cl7-C18 - c1p2
04 -C18-€1®20

C22 - C19 — x5
C18 - C19 — c2u15

-0.4(4)

1.7(5)
-179.4(4)
-174.7(3)
-179.9(3)

-1.0(5)

o7

¥ C30

Figure 7. DIAMOND view of the molecular structure of compwl23a (molecule B) in the

n c27
) V
»
| VN 4
C32°

/ Cc26 C25
“«"

C

A

crystal; thermal ellipsoids are drawn at 50% prdliigibevel.

Table 18 Molecular structure of compourBa (molecule B) in the crystal, selected atom

distances (in A).

Br2 —C39
Cl2 -C35
S2-C24
S2-09

S2 -C40
O5-C33
0O5-C34
06 — C43

1.886(4)
1.715(4)
1.815(3)
1.497(3)
1.839(4)
1.424(6)
1.412(5)
1.380(5)

C24€29  1.399(5)
C25-€26  1.391(7)
C26-€27  1.411(5)
C26-€30  1.508(6)
C27-€28  1.402(5)
C28-€29  1.395(5)
C28-€31  1.514(5)
C35-€36  1.369(5)
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06 — C46
07 -C32
o7 -C27
010 -C42
N3 — C38
N3 - C41
N4 - C34
N4 — C35
N4 — C38
C24 -C25

1.360(5)
1.435(6)
1.388(4)
1.228(4)
1.326(5)
1.335(5)
1.464(5)
1.380(6)
1.379(5)

1.392(5)

C36 €37
C37 €38
C37 €39
C39 €40
C40 €41
C41 €42
C42 €43
C43 €44
C44 €45
C45 €46

1.432(5)
1.420(5)
1.400(5)
1.389(5)
1.429(5)
1.503(5)
1.477(5)
1.356(5)
1.420(7)
1.346(7)

Table 19 Molecular structure of compour@2Ba (molecule B) in the crystal; selected bond

angles (in °).
C24 —S2 - C40 96.8(2) N4 -C35-C36 112.0(4)
09 -S2 - C40 108.2(2) C35-C36 — C37 105.5(3)
09-S2-C24 106.0(2) C36 — C37 —C38 107.2(3)
C33-05-C34 112.2(3) C36 - C37-C39 137.1(3)
C43 - 06 — C46 105.7(3) C38 -C37-C39 115.7(3)
C27-07-C32 114.4(3) N3 - C38 - N4 124.3(3)
C38 - N3 -C41 115.3(3) N3 - C38 — C37 127.3(3)
C35-N4 -C38 107.0(3) N4 — C38 — C37 108.3(3)
C34 —N4 -C38 122.8(3) Br2-C39-C37 115.7(3)
C34 — N4 - C35 130.1(3) Br2-C39-C40 125.0(3)
S2-C24-C25 117.4(3) C37 - C39 - C40 119.3(3)
S2-C24-C29 121.6(3) S2-C40-C39 122.6(3)
C25 -C24 €29 120.6(3) S2-C40-C41 118.4(3)
C24 — C25 €26 121.0(3) C39 -C40-C41 118.6(3)
C25 - C26 €27 117.7(3) N3 — C41 - C40 123.7(3)
C25-C26 -@G0 120.5(4) N3 — C41 - C42 114.9(3)
C27 - C26 €30 121.7(4) C40 - C41 - C42 121.2(3)
O7-C27 -C26 119.3(3) 010 -C42¢€41 120.8(3)
O7-C27-C28 118.5(3) 010 - C42¢€43 120.5(3)
C26 — C27 €28 122.2(3) C41 - C42 - C43 118.7(3)
C27 - C28 €29 118.6(3) 06 - C43-C42 113.6(3)
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C27-C28-C31  121.1(3) | O6-C43—Ca4  110.0(4)
C29-C28-C31  120.3(3) | C42-C43-Ca4 136.3(4)
C24-C29-C28  119.9(3) | C43—C44—C45 106.7(4)
05 — C34 — N4 112.3(3)| C44—C45-C46 106.2(4)
Cl2-C35-N4  119.8(3) | O6-C46—-C45  111.5(4)
Cl2-C35-C36  128.2(3)

Table 20 Molecular structure of compourzBa (molecule B) in the crystal; selected torsion

angles (in °).

C24 -S2-C40-C41
09-S2-C40-C41
C40-S2-C24 -C29
C24 —S2 -C40-C39
09-52-C24-C25
C40-S2-C24 -C25
09-S2-C24 -C29
09-52-C40-C39
C33-05-C34 -N4
C43 - 06 — C46 — C45
C46 - 06 — C43 - C44
C46 - 06 - C43 - C42
C32-07-C27-C26
C32-07-C27-C28
C38-N3-C41-C42
C41-N3-C38-N4
C41 -N3 -C38 -C37
C38 — N3 - C41 - C40
C38-N4-C34-05
C35-N4-C34-05
C34 —N4 - C38 - C37
C35-N4 -C38-N3
C38-N4 -C35-C36
C38-N4-C35-CI2
C34 -N4 -C35-C36

105.0(3)
-145.7(3)
-55.2(3)
-81.3(3)
20.3(3)
131.5(3)
-166.4(3)
28.0(3)
68.6(4)
0.6(5)
-1.4(4)
177.3(3)
-88.6(4)
94.5(4)
-174.6(3)
178.8(3)
1.1(5)
1.7(5)
69.1(4)
-106.8(4)
-176.3(3)
-177.7(3)
0.1(4)
179.9(3)
176.5(3)

O7-C278€E29
O7-C27 —-€£31
C26 - CZ28 — C29
C26 -C228 €C31
C31-C289€E24
C27 - C229CC24
Cl2-C356€&37
N4 — C35 - €837
C35-C363£€E€C39
C35-C36 -C37c38
C36-C37-C38-N4
C39 - C3B8 €EN3
C39-C3B8EN4
C36 -C37-C39-Br2
C36 - C3B8EN3
C36 - C37396€ C40
C38-C37-C39-Br2
C38 - C37 - C396c40
Br2 — C3940¢c C41
C37-C3HU0ES2
C37 — C3%0 €C41
Br2 — C3940G S2
S2-C40-C41 - N3
S2-C401c4L42
C39 - C4(12: EN3

175.2(4)
-2.0(5)
-1.7(5)

-178.9(4)
178.5(4)
1.3(6)

179.7(3)
-0.6(4)
179.8(4)
0.8(4)
-0.7(4)
-2.0(5)
180.0(3)
-1.1(6)
177.3(3)

-178.9(4)
177.9(2)
0.1(5)

-175.3(3)

-171.4(3)
2.3(5)

11.0(4)

170.6(3)

-13.3(4)

-3.4(5)
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C35-N4 -C38-C37
C34 -N4 -C38-N3
C34-N4-C35-CI2
S2-C24 -C25-C26
C25-C24 -C29 €28
C29 - C24 - C25 €26
S2-C24-C29 -C28
C24 - C25-C26 €27
C24 - C25-C26 - C30
C25-C26 - C27 €28
C30-C26 - C27 ©7
C30-C26 -C27 -C28
C25-C26 - C27 - O7

0.4(4)
5.6(5)
-3.7(5)
175.2(3)
-1.4(6)
1.8(6)
-174.4(3)
-2.2(5)
-179.5(4)
2.2(5)
2.6(5)
179.5(4)
-174.7(3)

C39— C40 — C41 — C42
N3 — C41 — C42 — 010
N3 — C41 2G4C43
C40 — C442 €010
C40 — C41 — C42 — C43
010 — C42 — C43 - 06
010 — C4213 €C44
C41 - C42 — C43 - 06
C41 - C42 — C43 — C44
06 — C43 — C44 — C45
C42 — C43 —C44 — C45
C43 — C44 — C45 — C46
C44 — CaA6 — 06

172.7(3)
162.9(3)
-16.4(5)
-13.5(5)
167.2(3)
-9.7(5)
168.5(4)
169.6(3)
-12.2(6)
1.7(4)
-176.6(4)
-1.3(5)
0.4(5)
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Compound 23b

Ci1

Figure 8: DIAMOND view of the molecular structure of compwli23b in the crystal; thermal
ellipsoids are drawn at 50% probability level.

Table 21 Molecular structure of compoura8b in the crystal; selected atom distances (in A).
11 -C10 2.111(3) | C1-C2 1.398(5)

Brl-C12 1.890(3) | C1-C6 1.377(4)
Cl1-Cl16 1.711(3) | C2-C3 1.391(4)
S1-03  1.491(2) | C3-C4 1.393(4)
s1-Cc1 1.801(3) | C3-C7 1.515(5)
S1-Cl1 1.805(2) | C4-C5 1.403(5)
01-C4  1.393(4) | C5-C6 1.394(4)
01-C9  1.430(5) | C5-C8 1.498(4)
02-C17 1.399(4) | Cl10€11  1.418(4)
02-C18 1.421(5) | Cl1€12  1.399(4)
N1-C10 1.329(4) | C12-€13  1.392(5)
N1-C14 1.327(4) | C13€14  1.417(4)
N2-Cl4 1.386(4) | C13C15  1.428(4)
N2-C16 1.383(4) | C15-€16  1.360(4)
N2-C17  1.461(4)
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Table 22 Molecular structure of compour@Bbin the crystal; selected bond angles (in °).

03-S1-C1

03-S1-C11
Cl-S1-Ci11
C4-01-C9

Cl7-02C18
C10-N1-Ci4
Cl4 - N2 -C16
Cl4 - N2 -C17
Cl16 - N2 -C17

S1-C1-C2
S1-C1-C6
C2-Cl1-Co6
Cl1-C2-C3

C2-C3-C4
C2-C3-C7
C4-C3-C7
01-C4-C3
01-C4-C5
C3-C4-C5
C4-C5-C6
C4-C5-C8
C6-C5-C8

106.7(1)
107.9(1)
100.2(1)
113.8(2)
113.0(3)
114.7(2)
106.7(2)
126.5(3)
126.8(3)
120.9(2)
117.6(2)
121.3(3)
119.7(3)
118.1(3)
121.1(3)
120.8(3)
118.5(3)
118.5(3)
123.0(3)
117.3(3)
121.9(3)
120.8(3)

Cl-C6-C5

1-C10-N1

1-C10-C11
N1-Cl10-C1l1
S1-C11-C10
S1-C11-C12
Cl0-C11-C12
Brl -C12 -C11
Brl -C12 - C13

Cl1-C12-C13
Cl12-C13-Ci14
Cl12 -C13-C15
Cl14-C13-C15

N1-C14 - N2
N1-C14 -C13
N2 - C14 - C13
C13-C15-C16
Cl1-C16 - N2
Cl1-C16 -C15
N2 - C16 - C15
02-C17-N2

120.7(3)
113.8(2)
120.9(2)
125.3(3)
118.6(2)
123.7(2)
117.4(2)
122.9(2)
117.5(2)
119.6(3)
116.0(3)
136.3(3)
107.8(3)
125.1(3)
127.1(3)
107.9(3)
105.4(3)
119.2(2)
128.4(2)
112.3(3)
112.5(2)

Table 23 Molecular structure of compour@Bb in the crystal; selected torsion angles (in °©).

03-S1-C1-C2
03-S1-C1-C6
Cl1-S1-Ci1-C2
Cl1-S1-C1-C6
03-S1-C11-C10
03-S1-C11-C12
Cl1-S1-C1l1-C10
Cl1-S1-Cl1-C12

-166.5(3
20.3(3)

-54.1(3)
132.6(3
-128.2(2

45.1(3)

120.5(3
-66.3(3)

C2-C3-@a-
C2-C3-©b-
C7-C3-©b-
C7-C3 -1
01-C4 - Cn-

C3-C4-C5-C6

C3-C4-CB-
0l1-C4 -CB-

-178.8(3)
-0.4(5)
177.8(3)
-0.6(5)
179.4(3)
1.0(5)

-178.1(3)
0.3(5)
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C9-01-C4-C3
C9-01-C4-C5
C18-02-C17 N2
C10-N1-C14 €13
Cl4-N1-Cl10-11
Cl4-N1-Cl10€11
C10-N1-C14-N2
Cl14 -N2-C1l6 €15
Cl4-N2-C17-02
Cl6 -N2-C17 O2
Cl6-N2-C14-N1
Cl7-N2-Cl4 N1
Cl6 -N2-C14 €13
Cl7-N2-C14-C13
Cl7-N2-Cl6 €1
Cl4-N2-Cl6-Cl1
Cl7-N2-C16-C15
C2-C1-C6-C5
S1-C1-C2-C3
C6-Cl1-C2-C3
S1-C1-C6-C5
Cl-C2-C3-C4
Cl-C2-C3-Cv

-96.7(3)
84.9(4)
78.3(3)
0.2(4)
-179.1(2
0.0(4)
-180.0(3)
-1.1(4)
-96.8(3)
80.8(4)
-179.1(3)
-1.1(5)
0.8(3)
178.8(3)
-0.5(4)
177.5(2)
-179.1(3)
-0.4(5)
-172.0(2
1.0(5)
172.9(2)
-0.6(5)
-178.8(3

C4 - C5 - (&l
C8 - C5 — @&l-
11-C10-C1l1-S1
N1-Cl10-Cl1-S1
1-C10 4&1C12
N1-C10-C1l1-C12
S1-C11-C12-8Brl
C10-C11 - C12€13
S1-C11-C12-C13
Cl0-Cil1-Cl12-8Brl
Cl1-C12-C13-C14
Brl-C12-C13-C14
Brl - C12 - C13€15
Cl1-C123€C15
Cl12-C13-C15-Cl16
C12-C13-C14 - N2
Cl14-C13-C15-C16
Cl2-Cil3-cmM
Cl5-C13-€mM
Ci15-Cl3-eNp
C13-Ci15-<ch@
C13-Cl5-cml

-0.6(5)
178.5(3)
-7.9(3)
173.1(2)
178.5(2)
-0.5(5)
7.3(4)
0.9(4)
-172.5(2)
-179.4(2)
-0.7(4)
179.6(2)
0.2(5)
180.0(3)
179.0(4)
-179.7(3)
-0.5(4)
0.1(5)
179.7(3)
-0.2(4)
1.0(4)
-177.5(3)
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Compound 27a

Figure 9: DIAMOND view of the molecular structure of compawli27ain the crystal; thermal

ellipsoids are drawn at 50% probability level.

Table 24:Molecular structure of compourYain the crystal; selected atom distances (in A).

Brl -C3
Cci-C1
Cl2-C8
S1-01
S1-C2
S1-C12
02 -C9
02 -C10
04 -C15
04 -C20
N1-C5
N1-C8
N1-C9
N2 — C3
N2 — C5

1.898(2)
1.727(2)
1.705(2)
1.490(2)
1.805(2)
1.804(2)
1.398(3)
1.428(3)
1.390(3)
1.432(4)
1.382(3)
1.387(3)
1.464(3)
1.321(3)
1.332(3)

Cl-C2
Cl1-C6
C2-C3
C5-C6
C6-C11
C8-C11
Cl12-C13
Cl2 - C17
Cl3-Ci4
C14-C15
C14-C19
Cl15-C16
Cl6 - C17
Cl6-C18

1.398(3)
1.388(3)
1.413(3)
1.418(3)
1.434(3)
1.357(3)
1.389(3)
1.386(3)
1.393(3)
1.403(3)
1.505(3)
1.395(3)
1.394(3)
1.512(3)
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Table 25 Molecular structure of compour¥ain the crystal; selected bond angles (in °).

Ol-S1-cC2 107.8(1)] C1-C6-Cll  36.3(2)
01-S1-C12 107.2(1)] C5-C6-C1l  07.2(2)
C2-S1-Cl12  99.3(1) | Cl2-C8-N1 119.3(2)
C9-02-C10 113.3(2)| Cl2-C8-C11 28.I(2)
C15-04-C20 112.8(2) | N1-C8-C11 112.1(2)
C5-N1-C8 107.1(2)| 02-C9-N1  112.4(2)
C5-N1-C9 126.4(2)| C6-C11-C8  05.5(2)
C8 - N1-C9 126.5(2) | S1-Cl12-C13  20.8(2)
C3-N2-C5 114.12)| S1-Cl2-C17 17.1(2)
Cl1-Cl-C2 122.3(2) | C13-Cl12-C17 121.6(2)
Cl1-C1-C6 118.4(2) | C12-C13-C14 119.9(2)
C2-C1-C6 119.4(2)| C13-Cl4-C15 117.8(2)
S1-c2-cC1 122.8(2)| C13-Cl4-C19 121.1(2)
S1-C2-C3 119.6(2)| C15-Cl4-C19 121.1(2)
Cl1-C2-C3 117.32)| 04-C15-Cl4 18.2(2)
Bri—C3 - N2 114.3(1) | 04-C15-C16 119.1(2)
Brl—C3—C2 119.6(2) | Cl4-Cl15-Cl6 122.7(2)
N2 - C3-C2 126.02) | C15-C16-C17 118.1(2)
N1 - C5— N2 125.1(2) | C15-C16-C18 121.0(2)
N1 - C5-C6 107.8(2) | C17-C16-C18 120.9(2)
N2 — C5 — C6 127.1(2) | C12-C17-C16 119.8(2)
Cl1-C6-C5 116.0(2)

Table 26 Molecular structure of compour@¥ain the crystal; selected torsion angles (in °).

Ol-S1-C2-C1 -44.3(2) C2-Cl1-C6-C5 0.0(3)
01-S1-C2-C3 129.2(2) C2-C1-C6%C1 179.6(2)
Cl12-S1-C2-C1 67.2(2) S1-C2-C3+B 7.3(2)
C12-S1-C2-C3 -119.3(2)| S1-C2-C2-N -173.6(2)
O1-S1-C12-C13 166.7(2) Cl1-C2-C3L-B -178.9(2)
01-S1-C12-C17 -21.3(2) Cl1-C2-C2-N 0.3(3)
C2-S1-Cl2-C13 54.6(2) N1-C5-C6-C -180.0(2)
C2-S1-Cl2-C17 -133.3(2)] N1-C5-CdiC 0.3(2)
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Cl0-02-C9-N1
C20-04-C15€14
C20-04-C15-C16

C8-N1-C5-N2
C8-N1-C5-C6
C9-N1-C5-N2
C9-N1-C5-Cob
C5-N1-C8-CI2
C5-N1-C8-C11
C9-N1-C8-CI2
C9-N1-C8-C11
C5-N1-C9-02
C8-N1-C9-02
C5-N2-C3-8Brl
C5-N2-C3-C2
C3-N2-C5-N1
C3-N2-C5-C6
Cl1-Ci1-C2-851
Cl1-C1-C2-C3
C6-Cl-C2-91
C6-C1-C2-C3
Cl1-C1-C6-C5
Cl1-C1-C6-C11

-77.1(3)
96.2(2)
-85.8(3)

178.6(2)

-0.8(2)

1.7(3)

-177.7(2)

-177.5(2)

1.1(2)

-0.6(3)

178.0(2)

96.5(2)

-79.8(3)

179.4(2)

0.2(3)

180.0(2)

-0.7(3)

-7.0(3)

179.3(2)

173.3(2)

-0.4(3)

-179.8(2)

-0.1(3)

N2 - C5 - GB1-
N2 -C5-C6-C11
Cl-C6-Cl1-C8

C5-C6-C1a8-
Cl2 - C8 - G1d6
N1 -C8 - Ci1d6-
S1-Cl2-€134
Cl7-Cl12-C1314
S1-Cl12 -e€1716
Cl13-C12 - GI016
Cl12-C13-€MA5
Cl2 -C13-c119
Cl3-Cl4-c14
C13-C14 -C1als
Cl9-Cl4-c¥
C19-Cl14 -c1516
04 - C15 - cXol7
04 -C15-c1w18
Cl4 -Cl5-c1al7
Cl4-C15-C038
Cl5-Cl6-cCn2
C18-Cl6-€1712

0.6(3)
-179.1(2)
-179.3(2)

0.4(2)

177.5(2)

-0.9(2)

170.2(2)

-1.5(3)

-171.3(2)

0.6(3)

0.1(3)

179.6(2)

-179.8(2)
2.2(3)
0.6(3)

-177.3(2)

179.0(2)

-0.9(3)

-3.1(3)

177.1(2)

1.6(3)

-178.5(2)
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Compound 27b

Figure 10 DIAMOND view of the molecular structure of compwli27b in the crystal; thermal
ellipsoids are drawn at 50% probability level.

Table 27: Molecular structure of compou¥bin the crystal; selected atom distances (in A).

Bri— C11 1.899(2) | N2-C16 1.384(2)
Cll1-C16 1.711(2) | N2-C17 1.458(2)
S1-01 1.490(1) | C1-C2 1.397(2)
s1-c1 1.792(2) | C1-C6 1.383(2)
S1-C10 1.798(2) | C2-cC3 1.392(2)
Sil - C12 1.927(2) | c3-c4 1.400(2)
Si1-C19 1.868(2) | c3-cC7 1.505(2)
Si1 - C20 1.872(2) | c4-c5 1.395(2)
Si1 - Cc21 1.863(2) | C5-C6 1.396(2)
02-C4 1.389(2) | C5-C8 1.511(2)
02-C9 1.423(3) | C10-C11 1.4D8(2
03-C17 1.396(2) | C10-C12 1.417(2
03-C18 1.428(2) | C12-C13 1.410(2
N1-C11 1.322(2) | C13-C14 1.419(2
N1 - C14 1.333(2) | C13-C15 1.433(2
N2 — C14 1.376(2) | C15-C16 1.353(2
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Table 28 Molecular structure of compourg¥bin the crystal; selected bond angles (in °).

Ol-Si1-C1 107.7(2) C4-C5-C6 17.9(2)
01 -S1-C10 110.0(1) C4-C5-C8 22.0(2)
C1-S1-C10 100.9(1) C6-C5-C8 20.1(2)
C12-Si1-C19  107.5(1) Cl1-C6-C5 120.1(2)
C12-Si1-C20  110.8(1) S1-C10-C11 123.7(1)
C12-Si1-C21  111.2(1) S1-C10-C12 115.1(1)
C19-Si1—-C20  114.5(1) C11-C10-C12 121.1(1)
C19-Si1-C21  107.1(1) Brl - C11 - N1 113.6(1)
C20-Si1-C21  105.7(1) Bri-C11-C10 121.6(1)
C4-02-C9 112.4(1) N1-Cl1-C10  24.8(1)
C17 - 03 - C18 113.6(1) Sil-C12-C10 121.9(1)
C11-N1-C14 114.0(1) Sil-C12-C13 123.5(1)
C14—-N2-C16 106.4(1) C10-Cl12-C13 114.6(1)
C14 — N2 - C17 125.5(1) C12-C13-C14 118.0(1)
C16 — N2 - C17 128.1(1) C12-C13-C15 136.3(2)
S1-C1-C2 120.1(1) C14-C13-C15 105.7(1)
S1-C1-C6 118.1(1) N1-C14 — N2 23.1(1)
C2-Cl1-C6 121.5(2) N1-Cl4-C13  27.5(2)
Cl1-C2-C3 119.5(1) N2-C14-C13  09.5(1)
C2-C3-C4 118.2(2) C13-C15-C16 106.4(1)
C2-C3-C7 121.1(2) Cl1-C16—-N2  119.4(1)
C4-C3-C7 120.6(1) Cl1-C16-C15 128.6(1)
02-C4-C3 117.7(1) N2-C16-C15  12.1(1)
02-C4-C5 119.5(1) 03 -C17 - N2 13.6(1)
C3-C4-C5 122.7(2)

Table 29 Molecular structure of compour@¥bin the crystal; selected torsion angles (in °©).

Ol-S1-Cl1-C2 169.1(1) C2-Cl-C6-C5 -2.9(2)
01-S1-C1-C6 -18.2(2) Cl1-C2-C3-C4 0.2(2)
C10-S1-C1-C2 53.8(1) Cl1-C2-C3-C -178.1(2)
C10-S1-C1-C6 -133.5(1)] C2-C3-C2-0 -179.1(2)
01-S1-C10-C11 -55.4(2) C2-C3-C&-C -2.5(2)
01-S1-C10-C12 122.2(1) C7-C3-C2-0 -0.8(2)
Cl1-S1-Cl0-C11 58.1(2) C7-C3-C&-C 175.8(2)
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Cl-S1-C10-C12
C19 -Si1 -C12 - C10
C19-Si1 -C12-C13
C20-Si1 -C12 -C10
C20-Si1-C12-C13
C21-Si1-C12-C10
C21-Si1-Ci12-G1
C9-02-C4-C3
C9-02-C4-0C5
C18-03-C17—-N2
Cl4-N1-Cl1-8Brl
Cl4 -N1-C1l1 €10
Cl1-N1-C14-N2
Cl1-N1-C14 €13
Cl6 -N2-C14-N1
Cl6 —-N2-C14 -C13
Cl7-N2-Cl4 N1
Cl7-N2-C14 -C13
Cl4-N2-Cl6-Cl1
Cl4 -N2-Cl1l6-C15
Cl7-N2-Cl6 €1
Cl17-N2-C16 -C15
Cl4-N2-C17-03
Cl6 —-N2-C17-03
S1-C1-C2-C3
C6-Cl1-C2-C3
S1-C1-C6-C5

-124.3(1)
67.8(1)
-110.5(1)
-58.0(1)
123.8(1)
-175.3(1)
6.5(2)
-98.2(2)
85.1(2)
-64.4(2)
177.9(1)
-0.5(2)
178.8(2)
-0.7(2)
-179.9(2)
-0.3(2)
-2.1(3)
177.6(2)
180.0(1)
0.1(2)
2.3(2)
-177.6(2)
107.3(2)
-75.3(2)
174.9(1)
2.4(2)
-175.5(1)

02-C4-C%-C
02-C4-C5-C8
C3-C4 - -
C3-C4-C5-C8
C4-C5-C6-C1
C8 - C5 - @1l
S1-C10-C11-8Brl
S1-C10-CNil-
Cl2-Cl10-cHr1
Cl2-Cl0-EmM
S1-Cl10-€8i1
S1-C10-C12-C13
Cl1-Cl10-€811
Cl1l1-C10-C12-C13
Si1-Cl12 -€c1314
Sil1-C12 -C13-C15
Cl10-C12 -C13c14
Cl0-Cl12-€1835
Cl2-Cil3-cmM
Cl2-C13-Cl14-N2
C15-C13-C14-N1
Cl15-C13-ENP
Cl2-C13-€ct4d6
Cl14-C13-C15-Cl6
C13 - C15 - CO8l-
Cl3-Cl5-cen

178.6(2)
-1.0(2)
2.1(2)
-177.5(2)
0.6(2)
-179.8(2)
1.2(2)
179.5(1)
-176.3(1)
2.0(3)
1.9(2)
-179.7(1)
179.6(1)
-2.0(2)
179.2(1)
0.1(3)
0.8(2)
-178.2(2)
0.6(3)
-179.0(1)
179.9(2)
0.3(2)
179.0(2)
-0.2(2)
-179.8(1)
0.0(2)
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Compound 37
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Figure 11: DIAMOND view of the molecular structure of compal®7 in the crystal; thermal
ellipsoids are drawn at 50% probability level.

Table 30 Molecular structure of compour®¥ in the crystal; selected atom distances (in A).

Cl1-C9 1.726(2) | C4-C19 1.430(3)
01-C1 1.422(3) | C5-C6 1.406(3)
01-C2 1.399(2) | C5-C9 1.393(3)
02-Cl6  1.336(2) | C7-C8 1.421(3)
02-Cl17  1.453(2) | C7-C10 1.490(2)
03-C16  1.205(3) | C8-C9 1.387(3)
04-C20  1.206(2) | C8-C20 1.504(3)
O5-C20  1.333(2) | C10-Cl11  1.397(2)
O5-C21  1.460(3) | C10-C15  1.395(2)
N1 - C2 1.459(2) | C11-Cl2  1.384(3)
N1-C3 1.362(2) | C12-C13  1.396(3)
N1-C6 1.383(2) | C13-Cl14  1.394(3)
N2 — C6 1.329(2) | C13-C16  1.490(3)
N2 — C7 1.344(2) | c14-C15  1.376(3)
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N3 - C19
C3-C4
C4-0C5

1.146(3)
1.378(3)
1.436(3)

Cl7-C18
C21-C22

1.492(3)
1.493(3)

Table 31 Molecular structure of compour®¥ in the crystal; selected bond angles (in °).

Cl-01-C2

Cl6 -02 -C17
C20-05-C21

C2-N1-C3
C2-N1-C6
C3-N1-C6
C6-N2-C7
01-C2-N1
N1-C3-C4
C3-C4-C5
C3-C4-C19
C5-C4-C19
C4-C5-C6
C4-C5-0C9
C6-C5-0C9
N1-C6 - N2
N1-C6-C5
N2 -C6-C5
N2 -C7-C8
N2 -C7-C10
C8-C7-C10
C7-C8-0C9
C7-C8-C20

113.0(2)
116.6(2)
115.6(1)
125.3(2)
126.3(2)
108.4(2)
115.5(2)
112.8(2)
110.5(2)
106.3(2)
125.2(2)
128.4(2)
106.8(2)
137.8(2)
115.5(2)
124.1(2)
108.1(2)
127.8(2)
122.5(2)
114.8(2)
122.7(2)
119.5(2)
121.8(2)

C9-C8-C20
Cl1-C9-C5
Cl1-C9-C8
C5-C9-C8
C7-Cl0-C11
C7-C10-C15
Cl1-C10-C15
Cl0-C11-C12
Cl1-C12-C13
Cl12-C13-Ci14
Cl12-C13-Cl6
Cl14-C13-Cl6
C13-C14-C15
Cl0-C15-C14
02-C16-03
02 -C16 -C13
03-Cl1l6-C13
02-C17-C18
N3 -C19-C4
04 -C20-05
04 -C20-C8
05-C20-C8
0O5-C21-C22

8.2()
120.2(1)

120.5(1)
9.302)
23.1(2)
18.0(2)
118.9(2)
120.3(2)
120.4(2)
119.1(2)
119.2(2)
121.7(2)
120.4(2)
120.8(2)
22.1(2)
12.9(2)
24.4(2)
07.4(2)
178.5(2)
24.5(2)
23.0(2)
12.5(1)

08.0(2)

Table 32 Molecular structure of compour®¥ in the crystal; selected torsion angles (in °).

Cl1-01-C2-N1
Cl7-02-C1l6 ©3

Cl7-02-C1l6 -C13
Cl6 -02-C17-C18

C21-05-C2004

-76.9(2)
-1.7(3)

178.0(2)

-170.7(2)
-1.0(3)

C6 - C5 - (388~
N2-C7-C8-C9

N2 - C7 - 320

Cl0-C7 - C®-
Cl0-C7-C8-C20

0.3(2)
-0.4(2)

172.2(1)

-178.4(2)
-5.8(2)
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C21 - 05— C20-C8 177.9(2) N2 — C7 - CTl% 139.0(2)
C20- 05— C21—C22 178.4(2) N2 — C7 - COl5 -38.6(2)
C3-N1-C2-01 -76.6(2) C8 - C7 — CIDL4 -42.9(2)
C6-N1-C2-01 102.9(2) C8-C7-C1a5C 139.5(2)
C2-N1-C3-C4 179.6(2) C7-C8-C9%Cl 179.2(1)
C6-N1-C3-C4 -0.1(2) C7-C8-C9-C5 0.0(2)
C2-N1-C6— N2 0.3(3) C20 - C8 — QOIL 6.4(2)
C2-N1-C6-C5 -179.7(2) | C20-C8-C%-C -172.9(2)
C3-N1-C6-N2 179.9(2) C7-C8-C204-O -81.5(2)
C3-N1-C6-C5 -0.1(2) C7-C8-C205-0 99.6(2)
C7-N2-C6-N1 179.8(2) C9-C8-C204- O 91.2(2)
C7-N2-C6-C5 -0.2(2) C9 - C8 — C2D5- -87.8(2)
C6-N2-C7-C8 0.5(2) C7-C10-€m12 -178.2(2)
C6 —N2-C7-C10 178.6(1) C15- C10 - CCi2 -0.6(3)
N1-C3-C4-C5 0.2(2) C7 - C10 - CI514 178.0(2)
N1-C3-C4-C19 176.6(2) C11-C10-C{34 0.3(3)
C3-C4-C5-C6 -0.3(2) C10-Cl1-Ccta3 0.5(3)
C3-C4-C5-C9 -179.7(2)| Cll-Cl2-€m@84  -0.1(3)
C19-C4-C5-C6 -176.6(2)| C11-Cl2-cCC36 178.3(2)
C19—C4—C5-C9 4.0(3) C12-Cl13-C14-C15 -0.3(3)
C4-C5-C6- N1 0.3(2) C16 — C13 - CIU5 -178.6(2)
C4 - C5-C6— N2 -179.7(2) | C12-C13-CIm- -172.3(2)
C9-C5-C6- N1 179.8(1) C12 - C13 - COB- 7.4(3)

C9 - C5-C6— N2 -0.2(3) Cl4-Cl3-ctp 6.0(3)
C4-C5-C9-Cl1 0.5(3) C14 — C13 — C1B3 -174.3(2)
C4-C5-C9-C8 179.7(2) C13-Cl4-Cf86  0.1(3)
C6-C5-C9-Cl1 -179.0(1)

Single crystals of compounds8, 23a 23b, 273 27b and 37, suitable for X-ray
diffraction, were obtained by slow evaporation @&plane- and EtOAc- as well as
heptane/EtOAc-solutions at ambient temperature. drystals were introduced into
perfluorinated oil and a suitable single crystakvearefully mounted on the top of a
thin glass wire. Data collection was performed widm Oxford Xcalibur 3
diffractometer equipped with a Spellman generatid kV, 40 mA) and a Kappa
CCD detector, operating with MozKradiation { = 0.710712'&). Data collection was
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performed with the CrysAlis CCD softwafé& CrysAlis RED softwar&® was used
for data reduction. Absorption correction using B€ALE3 ABSPACK multiscan
method®® was applied. The structures were solved with SHE197 %! refined with

SHELXL-97%*? and finally checked using PLATORN? Details for data collection and

structure refinement are summarized in Table 33.

CCDC-935382 (forl8), CCDC-935383 (for23a), CCDC-935384 (for23b), CCDC-
935385 (for 278, CCDC-935386 (for27b) and CCDC-935387 (for37) contain
supplementary crystallographic data. These datdeasbtained free of charge from The

Cambridge Crystallographic Data Centra www.ccdc.cam.ac.uk/data_request/cif.

2% CrysAlis CCD, Oxford Diffraction Ltd., Version 171.25p5 beta (release 01-04-2005
CrysAlis171.NET) (compiled Apr 1 2005, 17:53:34).

22 CrysAlis RED, Oxford Diffraction Ltd., Version 171.27p5 beta (release 01-04-2005
CrysAlis171.NET) (compiled Apr 1 2005, 17:53:34).

20 SCALE3 ABSPACK — An Oxford Diffraction Program (14, gui:1.0.3) (C), Oxford Diffraction, Ltd.,
2005.

231 gheldrick, G. M. (1997) SHELXS-9Program for Crystal Structure Solutipluniversity of Géttingen,
Germany.

232 Sheldrick, G. M. (1997) SHELXL-97rogram for the Refinement of Crystal Structyrgaiversity of
Gottingen, Germany.

23 Spek, A. L. (1999) PLATONA Multipurpose Crystallographic TooUtrecht University, Utrecht, The
Netherlands.
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Table 33 Details for X-ray data collection and structueéimement for compoundss, 233, 23b,
273 27band37.

18 23a 23b 27a 27b 37
Empirical formula | C3H1gBrCIN,OsS | GsHo0BrCIN,OsS CigH1BIClIN,OsS | GgHiBIrCLN:OsS | GiHodBrCINOsSSi | GoH20CINSOs
Formula mass 457.76 551.83 583.66 492.21 529.95 .8@41
TIK] 173(2) 100(2) 173(2) 173(2) 100(2) 100(2)
Crystal size [mm] 0.40x0.05x0.032 0.323 x 0.185 0.20x0.20x0.05| 0.35x0.50x0.10 0.291 x 0.247 0.394 x 0.130 x
0.060 0.124 0.093
Crystal description| colorless needle yellow plate olodess plate colorless block colorless block deks rod
Crystal system orthorhombic monoclinic triclinic ictinic monoclinic monoclinic
Space group pP212121 P21 P-1 P-1 pP21/c C2c
a[A] 4.9696(8) 11.9059(3) 9.5042(3) 9.3044(4) 32@) 13.7450(9)
b [A] 13.2592(16) 11.7627(3) 10.1673(4) 9.9525(5) 4.4827(5) 21.0674(12)
c[A] 28.498(5) 16.5808(4) 11.3146(5) 11.3242(5) .0280(6) 15.7003(10)
o] 90.0 90.0 109.730(4) 109.139(4) 90.0 90.0
B[] 90.0 91.969(2) 91.576(3) 90.791(4) 92.678(3) 08.555(7)
Y[ 90.0 90.0 90.006(3) 92.080(3) 90.0 90.0
VAT 1877.8(5) 2320.70(10) 1028.73(7) 989.66(8) 238[.3) 4310.0(5)
z 4 4 2 2 4 8
Peaied. [ €M 1.619 1579 1.884 1.652 1.474 1.362
w [mm7] 2.463 2.015 3.751 2474 1.996 0.216
F(000) 928 1120 568 496 1088 1840
@ range [°] 4.16 — 28.28 4.15-28.28 4.23 -26.37 4.31-28.28 4.16 — 30.03 4.26 —28.28
Index ranges -8h<6 -15<h<15 -11<h<11 -12<h<12 -11<h<11 -18<h<18
-17<k<14 -15<k<15 -12<k<12 -13<k<13 -20<k<20 -256<k<28
-36<1<37 -22<1<22 -14<1<14 -15<1<15 -28<1<28 -20<1<19
Reflns. collected 11655 27987 9477 11218 47758 2958
Reflns. obsd. 3281 9347 3653 4292 5824 3681
Reflns. unique 4601 11435 4169 4871 6960 5319
(Rint = 0.0820) (R¢=0.0573) (R¢=0.0230) (R:=0.0265) (R¢=0.0436) (R¢ = 0.0550)
Ry, WR; (20 data) 0.0574, 0.0738 0.0464, 0.0921 0.0259, 0.0607| 0.0313, 0.0782 0.0295, 0.0650 0.0453, 0.0932
Ry, WR. (all data) 0.0971, 0.0845 0.0643, 0.1012 0.0354L 0.0381, 0.0826 0.0417, 0.0704 0.0765, 0.1071
GOOF onF? 1.009 1.018 1.044 1.042 1.055 1.018
Peak/hole [e A] 0.976/-0.592 1.019/-0.606 0.950/-0.535 6.88.588 0.595/-0.317 0.298/-0.253
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